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PREFACE 


The initiation of the Engineering, Science, and Management 
Defense Training Program, early in 1941, revealed a widespread 
interest in physical metallurgy applied to the control of metal- 
lurgical processes and the properties of industrial metals and 
alloys. Large plants with trained men adequate for normal pro- 
duction were forced to expand their technical staffs for increased 
production, and thus faced the problem of training new men for 
specialized control work. Smaller plants that managed to meet 
the requirements of their normal peacetime production without 
trained metallurgists found that government contracts, or sub- 
contracts, with definite metal specifications required men with a 
knowledge of the response of metals and alloys to variations in 
chemical composition and to mechanical and thermal treatments. 
Interest generally was about equally distributed between non- 
ferrous and ferrous metals although, among the latter, tool steels 
were of far more importance than is represented by their per- 
centage of the total steel production. 

A course covering this field has long been given to engineering 
students at Yale University and was well adapted for more gen- 
eral purposes. The “Metals Handbook” of the American 
Society for Metals has been employed as a general reference and 
textbook, which ne(‘essarily involved supplementary lectures, 
mimeograpluHl sluHvts, and photomicrographs. Since <u)i-rela- 
tion of structun's with phuvse diagrams is essenrial to an under- 
standing of the basis of physk^al metallurgy, and since no present 
textbook estal)lishes that fundamental bac'kground in a manner 
readily xinderstandablc to the neophyte worker in metallurgy, it 
was felt that a book in this narrow field would l)e valuable, 
not only for defense training courses given to industrial employees, 
but for general engincHa'ing students who will use metals and 
should understand the basis for (jompositions, heat treatments, 
structures, and propcu’ties. 

The original mim(K)graphed material which forms the basis of 
this book was first written in 1922 and has been subsequently 
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INTRODUCTION 


WO as individuals differ to a great degree in the dcptli of under- 
standing that satisfies our intellectual curiosity. A lot depends on what 
we hav(^ learned to accept as facts, be<‘,ause of frequent observation, 
without asking ourselves why or without being able, having asked the 
question, to answcu* why/^ 

John L. (yiimsTiw. 

rhy.si(‘al metallurgy is concerned with the properties of nKd-als 
and alloys, as aftecdxxl by (composition and by mechanical and 
thermal treatments. Although the tc(dinologi(*.al advances 
asso(Tated with the d(cv(dopment of an (vver-in(u-(;n.sing number 
of alloys, specifically adapted for industrial iisagcc, have I’cccvived 
popular nneognition, there is too little aiipuudaiJou of tlie scienti- 
fic approacli to the jiroblems of metal behavior. 

In the short period of a[)pr()ximat(dy forty years, the metal- 
lurgist, by the acciumilation and classification of voluminous 
data, has suc(‘(‘eded in establishing a systematization of knowl- 
edge whi(*h C()nstit.ut.('s a science of nmtals. C'ertainly, precsent- 
day (ievc'lopimnits in ]>hysical metallurgy are motivated a,nd 
directed by the systcunatii*. studies of tlio rclationsliips between 
(‘omposition, structure, and properties of metallie- substajicc's. 
However, the status of metallurgy is not tluit of an iiHb'ixuuhmt 
scdence for it,s fumhinumtal eonccqits havee l)een dccrived by the 
intcdligcmt application of thno basic s(*ien(‘.(\s, viz., eluunistry, 
physi{‘s, and crystallography. 

The d(d.ail(Ml and fragnumtal information acupiiriRl during the 
growth of a s(*i(mc(^ gcuierally huuls to tli(^ adopttoii and stand- 
ardization of forms a,nd (‘xpiussions for jirc'stuit ing the txdativcdy 
few fundanu'ntal primaples wliicli are d(a*iv(ul from a.n asscunbly 
and int<u*pr(dn;ti()n of experimental evidenecc In physical 
nudallurgv, tlie most basic expiussion is that (unbodied in the linx^ 
drawings (udhul v({uiMhriwn or conMituMomiL diiujranii^. 

Homogiuu'ous parts of a system whkdx are separa-tiul from onc^. 
another l)y definite ])hysical boundaries are often (uilltnl 
Although metallic phases, under noiieciuilibrium conditions, arc^ 
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interested in metal specifications should consult the Ammrm 
Society for Testing Materials (A.S.T.M.) volumes of Tentative 
Standards or the Society of Automotive Engiuec'rs (S.A.R.) 
“Specifications Handbook.” Finally, if soim; understanding of 
the fundamentals of physical metallurgy is ol)tain<Hl fi-om this 
book, men working with metals will be in a position to profit, 
from the many technical publications of the Aunn-ican Institute 
of Mining and Metallurgical Engineers (A.I.M.E.), th(^ AnuM-ican 
Society for Metals (A.S.M.), and, in allied fic'lds, i)ublieations 
covering foundry practice, heat treating, etc., or journals of 
general coverage such as Metals and Alloys. 



STRUCTURE AND PROPERTIES 
OF ALLOYS 


CnAPTEll I 

REQmSITE TOOLS OF THE METALLURGIST 

Hiich section of tins book devoted to specific alloy systenns is 
subdivided into thrc'e parts cntitkHi Phase Diaigram, Structures, 
and Propt'rPu's. An understanding of tlie material included 
under (‘a(‘'h of these lu^adings reciuires a pi'ior knowkulge of 
metlKxls of a(‘(iuiring th(‘ significant data by direct or indirect 
nKuisurenients and obs(‘rva.tions. All metliods em|)loyed to 
obtain data for tlu^ construction of ])lnise diagrams, as well as 
tlie a.})pli(*ati()n of tlH'se dkigrains in lu^at trcnitnumt ])roc(Hlures, 
recpiin^ accurate nuaisurenumt of t(unpera,tur(^ Stru(*tiires 
an^ visually observed, using polislu'd specinums and a reflec-ting 
typ(' of mic.ros(*o})e. Propeutvk's are most (*,ommonly evaluates i 
in tca'ins of stnaigtii. and hardness cliarai(*t{a‘istics. Tlu^ Uxti- 
nupass us(hI in ('ach of th(‘S(‘ fundamental fictcls may infliKuice 
the results ol)tain{'d. 


PYROMETRY 

T(mpH‘rat un^s of from —40 to 4()()‘^C. ca.n Ix' m(\‘isur(‘d wiib 
th(‘rmom<4(‘rs having a. H(pud which exi)antls in a. calibratcxi 
pyn‘x ghiss capillary tuixv Por banjx'ratui’css Ixtow — lO^O. 
or up to about l(>()()‘Ah, tlu^ therm(x4e(‘tric. pyronut.tu- is gt'mu'aily 
us('d. This instruuKUit imtudes a thvnnorouplv, two wirt's of 
dissimilar metals or alloys usually W(4d(M I together at oiu', vnd 
which is phuHHl at tlu‘. point when^ a tcmpxu’aturc^ im^a.suixmumt- 
is (k^sired. An instrument for nuuisuring millivollnges is (‘.on- 
nectcxl a(a’oss the otlu^r <‘uds of the wires. As t(anp(‘ra.tur(^ 
of the welde<l end is imu’c^ascHl, while that of tlu^ ends (‘.()nn(‘(4.(^(l 
to the instrument is held constant, a curremt bmds to flow in. 
the wire, Tlie voltage causing the flow incaxuiscis with thci 
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temperature of the hot junction. The ur(‘ 

relationship is thus the basis of measurement of tmnperatun^. 
Because the relationship is not linear for tlu^. usc^ful op(‘raiini>; 
range of the wires employed, tables of voltage's vs. tc'upx'raiun' 
for each combination of dissimilar win's, or (‘alibralion of tlu' 
setup, must be used. Calibration of the original (le'rmocouplr 
and instrument and repetition of this at intx'rvais a,rt' always 
desirable for the following reasons: 

1. The hot-junction weld may- be impc'rh'cti and rc'suli in low 
voltage readings. 

2. No two sets of wire, even from tlu' same souna', an' lu'c'es- 
sarily identical in composition, and slight \'a.riaiions may be 
responsible for voltage differences e(iui\'a,l(‘nt to as much as 
20°C. 

3. The temperature-voltage relationship of th(‘rmo<*()upl(‘s 
may change if the wires are contarninab'd by {u)nt.a,ct, wit h ('(‘rt ain 
gases (particularly carbon monoxide) or by alloying upon contaei= 
with liquid metals. 

Calibration may be performed ))y eom|);irison at varit)us 
temperatures with a standardized instnun(‘nt and <*<)upt‘, or by 
determining the indicated freezing point- of substances witii 
known freezing points. Pure rnetaJs a.r<^ (uist.omarily tiM^b and 
it is essential that the calibrating subsia.n(*(' Ih' of i\w sanu' purity 
as the one whose temperature is known. lb>i* (‘xaniplo, pun* 
copper freezes at 1083°C., but when nu'ltvd in air, tho liquitl 
metal dissolves oxygon and tlie copi)er-oxygt‘n allt)y lua.v frcs‘zc 
at as low as 1065°C. 

The Metals Handbook'^ contains ;i (U'taih'd d(‘S(‘ripti^>n of 
thermoelectric pyrometers, tlu^ diff<‘nad, (combinations <d‘ thcr- 
inocoupk^ wires available, and the two diffc'n'nt, typi's of vadlagi*- 
measuring instruments commonly (‘m])loy('d. Then* is also a, 
discussion of optical and radiation type's of pyrunu'b'rs, us(‘d 
chiefly for measuring t(vm|)(u*!d,m*('s above KHHPC. 'Vlw tlua*** 
mocouple type is by far the most widely us<'d In'cansr erf its 
relatively low cost, high mumrac.y (wh(*n propc'iiy c'mpluyt'ci), 
and the fact that its operating rang(^ piaanits it to lie imnl in tlie 
control of most metallurgical processc's, i)iw last word as ftj its 
proper use deserves particmlar emphasis; tiu' instrunu'ni iveurds 
only the temperature of its “hot junction/’ wlfudi is not maa's- 
sarily the same as that of the metal being treated. Thh diffhmli y 
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may Ix' avoided by settinp; the hot junction of the couple in the 
(*ent(a’ ot tlu' (‘,hju'g(\, if possible, or by circulating the heating 
medium (gas oi* li(iuid) so as to obtain temperature uniformity. 
I'he wire's must Ix' insulat(Kl from each other to insure that the 
a{*iiv(' hot juiu'i ion is at; tln^ welded tip. If a metal or refractory 
tub(^ ('U(‘tos(‘s tlu' tlu'rmocouple to protect it from contamination 
l)y ga.s('s or liepiid nu'tals, time is necessary for tlie tempca-atinxy, 
to IxxtouK^ ('(iua,li>5('d inside and outside the protcHdion tube. 
Tlu're may Ix' large' differences in the tem])erature of metal at 
diffe'H'nt i)oiiit;s in a larger furnac,o, or a large crucible, and for 
uniformity of lu'ating, tests must be made to deteirmine if 
gradiemts exist and tlu'ir extent. 

MICROSCOPY (METALLOGRAPHY) 

TIk' word mHcillography, forima'ly applied to the entire field of 
physi(‘al nK'tallurgy, is now generally restrieded to the field of 
mie.ros(‘opi(^ work. Tlu' internal structure of metals and alloys 
is r('v<'a}('d by magnifying a polisluxl or a polished and ^hdnlied’' 
surlaec'. ddu' pr('{)anitiou of this surface is of grea,t im|)ortanco 
siiK'e va,ria.tions in bx'hniquc may distort or exaggerate essential 
()arts of tlu' stru(d;ur('. 

hjssi'ntially, polishing for structural obscawations recpurc^s the 
aitainnK'iit, oi* a[)pr<)xima.ti()n, of a mirrorliko siu-fac(^ by cutting 
away normal irn‘guhiri(i(‘s ratlKu* than by -causing liigh areas 
to (low into low ai’<'as, as in buffing. Flow distorts the surface 
and may l<‘a,d to (‘utirc'ly (‘rroneous conclusions as to the char- 
actt'ri sties of tlu' structure ((/. fornu'r con(*,(^})t of primary’^ 
and ‘bs(‘(iomIary ' ’ troostito or sorbite, pagx^ 143). 4410 first 
stages of c.uit iiig tlu' surface to a plane are usually ac.complished 
by grinding with succ('ssiv<4y finca* grade's of a,l)ra.sives ceamaited 
on pape'r. dir(‘(4ion of cutting is aK.C'nal at ea,(*-h change t,o 

a, fuu'r abrasive to fa(;ilit,at(^ n'c.ognition of the st<tig(^ wlu'.n coarsen* 
or de(‘per sea-atches have^ been n^plaeaal by more shallow one's 
ciumic'tea'istic of tlie^ finer abrasivea In, Phite^ 1, Figs. 1, 2, iuul 3 
she)w th(' surfaeu's of a eaist })rass, at a magnifieaition e)f 50 eliaan- 
ete'i’s, afte'r grinding with Nos. 0, 00, and 000 emery papers, 
respectivedy. 

Ifiner abrasive's iluin No, 0000 canne)t be <)})i,aiueHl memnted e)n, 
pape'f, anel it is freepievutly found that, ewem this grade is ne)t toe) 
uniform, with tlic rcasult that coarser scratches may be prexsent 
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than those left by the No. 000 paper. The final apiiroxiinafion 
to a mirror surface must be obtained by otluH* means, usuaily 
by use of a rotating wheel covered with a spcHual cloth that is 
charged with abrasive particles, carefully sizcnl by levigatiou in 
water or equivalent methods. Two diffenmt wliet^ls may 
used; first, one with a relatively coarse abrasivcq* later, a wIuh'I 
charged with a finer particle size. 

It is impossible to learn how to pn^parc’: a spiufuium for good 
microscopic work by reading a book, llc'sults are obviously 
affected by coarse dust particles in the air settling on fiiu^ papt'rs 
or cloth laps, or equivalently, b}^' carrying (uiarsca* |)art<i(‘lt\s on tiie 
specimen to the next finer paper or lap. Chemicuil (^ha.ngi‘s 
may affect some abrasives; e.g., fine ina.giu'sium oxide uhcxI as a 
final polishing abrasive may pick up carbon dioxide^ from th(‘ air 
or water to form coarse particles of magm^sium carlionate that; 
ruin the surface. The type of cloth is imp()rt»a.nt aud, wiuai a 
metallographer finds a type particularly suitcxi for his work, lu^ 
will be wise to lay in a stock of it. Finally, the pr<‘ssun' us<‘(l ly 
the individual in holding the specimen on tlu^ cutting ])n,|)('rs, or 
laps, has a considerable influence on the results. Too littlt^ 
pressure retards the rate of polishing a.n(l hxuls to pits in the 
final surface. Too much pressure causers Io<*ai ovmtu^atiug and 
severe distortion to an appre(‘,ial)l('. (l(‘pth. Tlu'. (‘orn^ct dt^gna^ 
of pressure varies for different metals, and this can only be h^anu'd 
by actual polishing (and for a consul(‘rai)l(^ tinu^, by n^polishing!). 

The method of polishing outliru'd abova^ was useni in tlu^ 
preparation of all structures n'prodmaal in tins book. It (am 
give good results when (ani)l()yed by expericnuaal op('rators. 
There are other methods which i\,n\ sup(‘rior in many res|)c‘rts to 
this one. Lead la])S, chargeal wit-h abra.si\a\s, may largc^ly n^phna^ 
the abrasive papers with a gain in spcxal of polishing, Ihitmnss 
of the specimen, and I)r(^scrvatiou of smail, brittk' inclusions 
in the structure by minimizirig the tinu'. naiuinHl on iiie elotiis. 
Practically complete Iraulom from distortion is possible by 
electrolytically removing iho Hat striaUul surfaiaa obtained from a 
No. 000 emery papea- or its (uiuivalent, Idu' (Ta-troly lie method 
requires special cquipinent and c<)nsid(‘ral>l(^ work in (h^vtHoping 
the optimum (i()mi)osii,i()n and temperatun^ of the eleetrolytt*, 
current density, and voltage. This method is a fairly vvemi 
development. At present, its chief advantage is the abstaice 
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of any surface distortion. It is, therefore, most valuable in 
polishing soft metals such as pure aluminum and zinc, or metals 
whose structures are particularly subject to alteration by dis- 
tortion, sucih as stainless steels. The method is also being com- 
mercially employed to replace buffing where the shape of the 
part makovS that opcn-ation difficult to perform; a.g.; at inside 
corners of I’cctaugular sections. 

The polislunl surface must be etched before any details of the 
stnudure Ix'come evident, unless there are moderately coarse 
sections of tlie surface whose hardness is very diffcn*ent from 
the rcnnaindiu*. If [)art of t.he structure is harder (oxide inclusions 
in m<‘tals, page 20), it will not wear away as rapidly as the softer 
mati-ix and will l)(‘ kd’t standing in relief. If it is softer (graphite 
in cast iron, i)tigc^ 196), it will w'ear away to a gi*eater depth than 
the matrix arid again he visilile by a relief effect. Otherwise, 
th(‘. mirrorlike surface shows no sti-u(*.ture until a liquid chemical 
that- r(xi(‘ts somtwvhat with the nu'tal is placicd on the surface 
(or tlu‘ spininuai may heahnl in air or vacuum in some cases). 
The (iuanical will diffca-cmtially attack parts of different chemical 
com|,)ositi(>n, or reactivity, to reveal the str*uctui*al condition. 
Tlu' (iunnical agcait is callcHl an etchant or etching solution. The 
^OMetals Handbook’’ givess lists of the many solutions that 
may be ustnl for commercially important metals and alloys, 
tog(‘ther with the specific apirlications of each. The time or 
depth of etching is (hiermined mainly by the magnification at 
wiihii the stru<*tur{‘ is to he ('xamined. If it is to 1)0 studicHl by 
the nakrai eye, or at magnifications of less than 25 dianu'ters 
i^miuromrpic (‘xaminafion), th(^ speriuuc'n is usually etcluMl d(H‘ply 
to in(‘.r(‘as(‘ tht‘ c()ni,ra,st in appi^arance of see.tious attaekcnl at 
diffmvnt ratess. Htr’U(‘tiir(‘S magnificHl more than 25 dianuiy(a*s 
a!'(^ ('alh'd viicrographs. If tlur magnifiraition is in the ra,nge of 
50 to 100 diam(i.(‘i’s, the sp(‘cim(ai is usually givrai a mcxhn'atxiy 
de<‘|) et(di U) obtain contrast. Very fuu^ structiux^s, tluit must 
be magnifuHl 500 to 1,000 times, waiuld lie so i*()ugh(aied by a 
cord-rast bowman*, that (hi.ails would he obscured. A rela- 
tivciy light, etxii is (anployral in these cases. 

Plater I, Fig. 4, sliow's the stnurture of a cast a brass, at a 
magnifnration of 50 diameter's (X5()), after polishing on the 
emery papm's (Nos. 0, 00, and ()()()), as pieiturard in Figs. 1, 2 and 3, 
polisliing on two cloth laps to obtain a mirrorlike surface, and 
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however^ hardness is defined as the resistance of a, nwinl to 
deformation. None of the usual test iiu^thods or maelunes 
successfully isolates and evaluates this piopcai N^ alont'. 

In the Brinell test, a hardened steel hall is foiaani by a. known 
load into the metal being tested, the dianndor of ilu^ iinprc's.sion 
is measured, and, using a formula or ta.))l(‘s, (*.onv(‘rt.(Mi into an 
empirical number called the Brinell hardvu'ss mindxa* or HHX. 
The Rockwell test is similar except that sttad balls of various 
diameters or a diamond cone (Brak^ may b(^ uscal. Tlu' diamet in- 
of the impression of the cone is not lueasurtMl; instc'uxl, its (k'pih 
is automatically indicated on a dial. In l>oth of t lasses id(udation 
tests, the results are affected not only by tlu' original rc'sistmua^ 
of the metal to deformation, but l)y tlu^ ra-t<^ at which this 
resistance changes at the vicinity of tlu; imk^ntor during ilui 
tests (see deformation hardening, page 32). The r(\sults arc 
also affected by elastic propertk^s of the nu'tal sin(‘.e the diaonden* 
or depth of the indentation is measunHl aftcu’ tlu^ load lias hom 
released, with an accompanying elastic n^covin-y or slight. r<u'<M’S(Ml 
dimensional change. Another variable that, sliould naaig- 
nized is the relative volumes of metal displa.(*(‘d by varying (I(‘pths 
of indentation of a sphere and a cone. The (hVcl of work harden- 
ing and elastic recovery in tlic vicinity of t lu' iinhudor inakt^s it, 
difficult to convert data obtained by oiw. l.ypt^ of lest into fignn\s 
obtainable by a different test. Ckinvm-sion tabh^s, ohtalnctb 
empirically by tests of steels, may not b(‘ applicabk^ for non- 
ferrous metals with difhvront W(>rk~ha.r(i.(*ning and (iastic proper- 
ties. Since two different combimit ions of load and imhuitor 
may result in different degree's of inde'nt.at ion by the IbH'kwclI 
test, it is not possible to express ha,r<liu'ss data, obtaimxi by one 
combination in terms of anot.lun-, exea'jit. after ti'sls have I'st ab-» 
lished the correlation for the^ spe'cific. me't.al. 

The empirical or aihitrary mitun^ of tlu' nunu'rical hardness 
data and the limitations to conve'rsion of elata. from one systc'm 
to another have not pre^vemtcHl these' liareliH'ss tests frorn la'ing 
useful. The Brinedl liarehmss mmibt'r, for ('xainple, may be^ 
multiplied by 500 to e)btain a fairly good approximatimi of tlu' 
tensile strengtli of most carbem ste'els. ddu' Ro<‘kwt'll tc*st. has 
the advantage of ease and rapidity of me'usun*memt. and a small 
size of indentation, which eloe's not noiiea'ably mar tlu' surface', 
or affect the usefulness of tlxe part iifU'r te'stfmg. Most of the 
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hardnosH data in tins l)<)()kj and in metalhirgical literature, are 
expressed in terms of Brinell values (HI IN) or Rockwell numbers 
(R with a,not.lu‘r h^ttca* <l(^signating the load and indentor used; for 
cxampl(% B = 100 kg. a,nd / 1 o-in. ball, or G = 150 kg. and Brale). 

TENSILE TESTS 

OTu' hanbu'ss test is (he nuThanical property measurement 
most (piiekly and laisily made ttnd is consecpiently the most 
common. Rro!)a,bIy lU'xt in friapKany as an engiiuH'iang specificai” 
tion is t.lu‘ bmsilc' t(\st wh(a’(‘ a. spcaamen, nuK^hined to a specific 
shape, is suhjcH’t-ial to an tixial loa,<l Uauling to stretcli the bar. 
If tlu^ (wtcrnt of stndeh {({iformatinn, (iongation, or strain) is 
meti.su rcyl tuul (‘ornfitittal with t,h{‘. stress (load per unit area), 
the t(‘st will giv(» <lat.ti. on ilu' following: 

1 . Proportional Limit. AMv. st,r(\ss beyond whi(*.li strain is no 
longer directly proportiontd to lotul, or at whieli ti jdot of stress 
vs. stniin (strt‘ss-strain cluirt) shows tlu^ first visible deviation 
from a stniight- liiax 

■2. Elastic Limit. - Bh(‘ mtiximum st.ress to whie'h a metal may 
be sul)j{‘et<‘d without sufha-ing some permamuit or |)lastic 
deformtilion. 

3. Yield Point, -'riie point on the str(\ss-s train curve at which 
d(‘formtition sitirts io progr(‘ss rtipidly with no imtnaiso in load, 
or in some ctises, ti. slight diminution in load. 

4. Yield Strength. By dedinition; (a) tlu^ stress corr(\si)otuling 
to a total d(ddrmaJion of 0.5 p(‘r cent in tln^ (tas(‘. of (a)p])er alloys, 
(b) the stn^ss at. whi<*h the stn'ss-st-rain curves (U'.parts 0.2 per cent 
from the ukhIuIus liiu‘ (^ev. 8) for aluminum alloys, lu^at tre^ated 
shads, cd(x, (c) the stn^ss at 0.1 ;p(U* (amt (k^parture from the 
modulus line, in spta-ial (‘as(‘s. 

5. Tensile Strength. This is by custom, not by logic, the 
stnxss ol)taimai by dividing tlu‘ nuixiimim load, sustaiiual by the 
si)(annuui Indon' biaaiking, l)y the origimd cross-s(a*tiomd anai. 
It is a difficult tc^st pro(aalur(‘ to d(‘termin(^ tlu^ a.c.tual spcaVimen 
anar at taich incrcujumt of str(^ss iind particuhirly at, tli(‘. mormmt 
of maximum load, although this must l)e doiu'. to ohta/ui the true 
strc\ss valutas. 

6. Elongation. — Tlu^ im‘i’(aise in Itmgih divickul by tlu^ original 
gauge length, (Li - Ui)/lAu (Lo = original length, usually 2 in.; 
Li = gauge length measured afka* fracture). 



CHAPTER II 

COMMERCIALLY PURE METALS 


In addition to a knowledge of the requisite tools used in a given 
field of scientific work, it is necessary to acquire a familiarity 
with the words commonly employed in that field. Words 
having special metallurgical meanings will be defined when they 
first appear in this text in an effort to introduce gradually the 
special vocabulary of the metallurgist. Words having more 
than one common meaning are always sources of confusion 
and, in these cases, attempts will be made to limit the definition 
of terms, as far as possible, while retaining consistency with 
common usage. 


TERMINOLOGY 

A metal may be defined as a chemical element which in the 
solid form exists as a crystal or, in most cases, an aggregation 
of crystals characterized by two distinctive properties: free 
plasticity, or the ability to undergo considerable deformation 
without breaking; and relatively high electrical and thermal 
conductivity. Elements such as carbon, silicon, and boron which 
exhibit some conductivity but little or no plasticity are frequently 
called metalloids. A number of elements, including arsenic, 
antimony, and bismuth, are commonly classed as mettils, although 
they are markedly deficient in these basic metallic properties in 
comparison with the metals of industrial importance. 

The chemical processing of metal ores on a commercial scale 
usually produces the metallic elements with from less than 0.01 
up to about 2.0 per cent^ of foreign elements pr(\sent. If the 
foreign elements are present in amounts residual from tlic 
refining process, they are called impurities, Althougli impuriti(>s 
always affect the properties of the metal to some extent, if the 
magnitude of the effect is small, the metal is commonly designated 
as commercially 'pure. On the other hand, a small amount of an 

1 Percentage by weight is used throughout the book. 
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element may be added deliberately, in controlled quantities, 
to obtain specific property effects, in which case the metal may 
be called commercially pure (e.g,, ''A” nickel) or considered an 
alloy {e.g., low-carbon steel). 

The term crystal generally brings to mind a solid with flat, 
external faces at definite angles to each other. In a scientific 
sense, however, the word refers to a regular internal arrangement 
of atoms, repetitive in three chosen directions, and it is only in 
special circumstances that this is accompanied by external 
crystal faces. Metal crystals foi'ming by solidification from the 
liquid state in a mold of fixed shape have to conform in external 
appearance to the container. If several crystals start to form 
in the liquid, they grow until each is in contact at some point; 
growth there necessarily ceases and continues at other parts of 
the crystal until contact at all points is completed. The size 
of each crystal is, of course^ determined by the number in a 
fixed unit volume, and the shape of each is fixed by the zone of 
contact with surrounding crystals. Individual crystals, all 
of the same atomic symmetry, have their three directions (or 
axes) of symmetry at different angles to an external reference 
system, such as the surface and edge of a rolled strip. The 
relationship of symmetry axes to the external system is called 
the orientation of the crystal. Metal crystals, of irregular shape, 
in contact at all points \vith other similar crystals (contiguous) 
are called grains. The zones of contact are called grain hoimda- 
ries. The word crystallite is commonly used synonymouvsly 
with crystal or grain, but it might be desirable to confine its 
application to crystalline particles not in continuous contact 
with similar crystals. This would refer particularly to particles 
of a second phase for which there is, at present, no specific 
definitive word. 


CRYSTAL STRUCTURE 

The ''Metals Handbook'' has a section entitled Crystal 
Structure of Metals which adequately describes how metal 
atoms, by occupying the corners of imaginary cubes or other 
simple shapes, form crystals. Another atom, present in the 
center of each cube, forms what is called the body-centered cubic 
lattice, or, in the center of each of the six faces, forms the face- 
centered cubic structure. Here, it is necessary only to emphasize 
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after etching appears as a dark line which, outlining the grain 
boundaries, makes the size of individual crystals readily apparent. 
The black spots are sites of oxide inclusions or of localized 
polishing pits. The micrograph represents a cross-sectional 
view of a hot-rolled bar. 

Plate II, Fig. 3. Wrought iron; X50; Nital etch. The matrix, 
or background structure, consists of ferrite grains similar to 
those of the ingot iron except that the dissolved impurities, 
particularly phosphorus, are present in somewhat greater 
amounts. {Soluble impurities means elements dissolved in the 
ferrite, hence not visible under the microscope and detectable 
only by chemical or spectrographic tests.) The dark elongated 
stringers are inclusions of slag, largely a mixture of FeO and 
Si02. The slag is present in amounts of from 1. to 2. per cent 
and is always elongated in the direction of flow from hot-rolling. 
Its distribution frequently is not very uniform; some areas 
show a lot, some very little; this micrograph is representative 
of a typical structure. There is no crystallographic or con- 
tinuous atomic relation between atoms in the slag and in the 
ferrite crystals; consequently nothing but mechanical contact 
forces hold the metal and slag together at the contact area. The 
structure shows that the metal phase is much more continuous, 
i.e., less interrupted, along a horizontal direction than along a 
vertical direction. As a result, strength and ductility are not 
uniform in all directions but depend on whether the axis of stress 
during testing is parallel or transverse to the direction of the 
slag filaments. This type of structure is fibrous and will have 
quite a different appearance, depending on whether the polished 
surface represents a section parallel, as in this picture, or per- 
pendicular to the rolling direction. 

Plate II, Fig. 4. Same as Fig. 3 at X500. This shows the 
duplex structure of the slag (FeO and FeSiOg). The slag is 
harder than the metal and thus, after polishing and etching, 
stands in relief above the metal surface. In this picture, the 
slag is in focus and the metal necessarily slightly out of focus. 
The markings in the ferrite grains appear after moderately heavy 
etching and are probably x'elated to the distribution of dissolved 
metallic impurities. 

Plate II, Fig. 5. Cast zinc (99.99 per cent Zn); X50; etched 
with CrOs, Na 2 S 04 solution. This structure consists of coarse 
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grains with lenticular (lenslike) markings that are mechanical 
twins. The word twin means that, within the lens-shaped area, 
the crystal orientation has shifted a fixed amount, equivalent to 
a rotation of 180 deg. about an axis normal to the crystal plane 
represented by the line bounding the twin. The direction of the 
tvins thus reveals the position of a specific ciystal plane in each 
grain. In the large dark grain, six different angular positions 
of the twins show six different directions of one type of lattice 
plane. The twin does not originate by rotation (the gross 
movements involved would be impossible to achieve) but from 
slight deformation after casting or surface flow during polishing 
thus the qualifying adjective “mechanical.” Carefully cast zinc 
polished in a manner avoiding surface distortion would show only 
the coarse grains. 

Plate II, Fig. 6. Commercially pure aluminum (Alcoa 2S: 
99. per cent A1 + about 0.3 per cent each of Fe, Si and Cu); 
0.5 per cent HF etch; X500 (photomicrograph supplied through 
courtesy of the Aluminum Research Laboratories). This 
structure is that of the metal in the worked and annealed condi- 
tion, It shows rather small grains of aluminum and black 
(^luminum-iron-silicon compound, originating 
from the impurities. The direction of these insoluble particles 
represents the direction of prior deformation; they are elongated 
in the direction of flow, similarly to the slag particles of the 
wrought iron. The aluminum crystals are not elongated since 
they re-formed during the anneal following the deformation 
(see Chap. III). 

Plate II, Fig. 7. Cast tough-pitch electrolytic copper (99.95 
per cent Cu; 0.03+ per cent O2); X50; NH4OH-H2O2 etch. All 
metals solidify from the liquid state by the growth of crystals 
which, because of preferred growth in certain directions,' form 
as open treelike structures called dendrites (see page 49). At a 
later stage in growth, when different dendrites are in contact, 
the open spaces between the dendrites are filled in with more 
of the crystalline eltoent. If impurities are present, they will 
usually be of lower melting point, or form a structure of lower 
melting pomt, which means they will be concentrated in the 
parts last to freeze, i.e., the open spaces between dendrites. 
This structure of a cast wire bar shows nearly pure copper in the 
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form of cells, actually the intersections of dendritic arms with the 
surface of polish. The oxygen impurity, present as CU 2 O 
(cuprous oxide) particles, forms with copper the dark structure 
of lower melting point, outlining the dendritic cells. The black 
spots are pores or holes in the cast metal. 

Plate II, Fig. 8. Same as Fig. 7 at X500. This shows in 
detail the dark structure outlining the copper dendrites. The 
cuprous oxide particles or crystallites are seen to be globular 
bodies dispersed in a copper background. Note that copper is 
continuous; that the brittle oxide, while forming a network, 
actually consists of separate, discrete crystalline particles. 
(This alloy structure is that of an hypoeutectic; see Chap. V.) 

Plate II, Fig. 9. Same as Fig. 7 after hot-rolling; X50; 
NH 4 OH-PI 2 O 2 etch. The dendritic structure of Fig. 7, showing 
probably only two separate crystal (or dendrite) orientations, 
has been completely obliterated by the hot deformation. Now 
the specimen shows hundreds of very small, individual crystals. 
Parallel straight lines extending across many of the crystals 
outline annealing twins which appear after a metal has been 
deformed and annealed or equivalently deformed at a high 
temperature. (The ingot iron, Plate II, ^ Fig. 2, shows what 
appears to be a well-defined annealing twin although body- 
centered cubic iron is not known to form this type of twin.) In 
addition to changing the grain size of the copper, the hot-rolling 
has destroyed the interdendritic netw'ork of CU 2 O particles and 
cause the oxide to be aligned as stringers of particles in the 
direction of hot-working (compare with the wrought iron, 
Plate II, Fig. 3, and 2S aluminum, Plate II, Fig. 6). 

Plate II, Fig. 10. Same as Fig. 9 at X500. It is apparent 
from a comparison of the size of these oxide particles with those 
in the as-cast structure, Plate II, Fig. 8, that the hot-rolling 
not only changed the distribution of CU 2 O but considerably 
increased the size and decreased the number of the individual 
crystallites. This is the result of attempts by the oxide to 
reach a state of minimum surface. It is possible by reason of a 
'Slight solid solubility (see page 20) of CU 2 O in copper; the smaller 
particles of oxide dissolve, and a corresponding amount must 
then go out of solution by crystallizing on a particle already 
present. Thus there is a general tendency for particles to grow 
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in size and decrease in number, but this is possible only when the 
metal is at an elevated temperature under conditions of slight 
solid solubility of the particle in the matrix. 

Plate II, Fig. 11. Tough pitch copper; X150; no etch. This 
structure represents a section across a tear found in cold-rolled 
copper sheet. Note that the tear represents a surface with a 
high cuprous oxide content on one side, and a low or normal 
content on the other. Localized regions of high oxide content 
may result from insufficient “scalping^’ (machining) of the cast 
set surface of the ingot, which frequently has an oxygen content 
approaching 0.4 per cent. It also may result from local over- 
heating and melting during soaking at a high temperature for 
hot-working. In either event, the i^egion adjacent to areas of 
high oxide content is susceptible to cracking under stress. 

Plate II, Pig. 12. Oxygen-free, high-conductivity copper, 
heated in an oxygen-bearing atmosphere for 2 hr. at 900°C.; 
reheated 2 hr. at 900°C. in hydrogen; X200; potassium bichro- 
mate etch. Although the original copper was free of oxygen, 
some entered the metal during the first heat treatment, to a 
content of about 0.008 per cent O 2 . On reheating in hydrogen, 
atoms of hydrogen diffused into the copper. They reacted with 
cuprous oxide at the grain boundaries to form steam (IL + CuoO 
2Cu + H 2 O) at a high pressure and temperature, and the 
steam created a network of fine holes along the grain boundaries. 
(Note that the twin bands do not contain any pores; tins is 
further evidence of the continuity of the atomic lattice at twin 
bands and discontinuity at grain boundaries.) Copper in this 
condition may show a strength of only 5,000 p.s.i.^ with zero 
elongation as compared to a normal 32,000 p.s.i. and 40 per cent 
elongation.- Tough pitch copper with 0.03 per cevnt oxygen 
instead of 0.008 per cent is equally susceptible to this ^^hydrogcai 
embrittlement . ^ ^ Atmospheres containing carbon monoxide 
or another reducing agent plus water vapor may generate 
hydrogen (CO + H 2 O ^ Ii 2 + CO 2 ) and cause embrittlement, 
which formerly was attributed to the carbon monoxide gas. 
Naturally, oxygen-free copper is immune to this trouble, unless 
it is heated in air during processing. Embrittled metal can 

1 This designation is employed throughout the book for pounds per square 
inch. 

2 Rhixes and Andeesox, Trans. A.I.M.E., 143, 312 , 1941 . 
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seldom be reclaimed except by remelting; it usually must be 
scrapped. 


PROPERTIES 

Metals in the pure state have relatively high plasticity or 
deformability and low strength. The degree to which they 
exhibit these properties is primarily a function of their crystal 
structures and the binding forces between atoms in the crystal. 
Drawings of the atomic lattice, such as those on page 15, 
are nodsleading in portra 3 n.ng atoms as small spheres widely 
spaced. This device is used only to permit representation of the 
three-dimensional lattice distribution of atoms. It should not 
be inferred that, having widely spaced atoms, metals might be 
readily compressed. They are compressible only to a slight 
extent, and large spheres in contact, as obtained by packing 
marbles in a box, better represent the actual structure. Even 
in this case, the stationary position of atoms is not a correct 
representation of the lattice, for these are only the statistical 
average positions of vibrating spheres. As the temperature is 
raised, the amplitude of atomic vibration increases and, although 
the configuration of atoms is unchanged, the average spacing 
increases and the forces between atoms become correspondingly 
less. Practically, this effect results in the expansion of metals 
and a loss in strength as the temperature increases from the 
theoretical absolute zero to the melting point. Although the 
strength-temperature relationship does not follow a straight line, 
it suggests that low-melting-point metals should be weaker 
(at room temperatures) than those with high melting points, 
and this is ordinarily true. 

Plasticity of pure metal crystals is basically related to their 
atomic structures. Although it has been pointed out that the 
three common metal crystal structures (face-centered cubic, 
body-centered cubic, and close-packed hexagonal) are very 
similar, equivalent planes are not identical in respect to inter- 
planar spacing and atomic density, two factors which determine 
the ease of deformability. Thus the (octahedral) planes, cutting 
off the corners of the face-centered cubic lattice, have atoms 
placed similarly to those on the basal plane of the close-packed 
hexagonal structure. However, there are four octahedral planes 
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in the cubic lattice at different positions with reference to any 
outside surface or direction while the hexagonal structure has 
only one. Thus, if a force is applied to the two different types 
of lattices, the cubic crystal is certain to have at least one plane 
in a position that will permit slip and deformation. (These 
processes are discussed in detail in Chap. III.) The hexagonal 
crystal, however, may have its single basal plane in such a posi- 
tion that it cannot function in the deformation process. Gen- 
erally, it will then develop mechanical twins (see structure of 
zinc) which reorient the basal plane so that some deformation 
can occur. Certain positions of the basal plane with respect to 
the applied stress will result in cleavage of the crystal and, in 
general, the hexagonal metals must show considerably less 
plasticity than face-centered cubic metals. The body-centered 
cubic lattice has several potential planes of slip, like the face- 
centered cubic, but none so well defined, z.e., densely packed 
and correspondingly well separated. Thus the body-centered 
cubic structui’e occupies an intermediate position in ease or 
possible extent of deformation. 

These remarks are general comparisons of pure metal crystals. 
The presence of impurities can markedly alter expected plasticity, 
strength, or other properties, as is shown in the following specific 
examples. 

Copper. — The common impurity, oxygen, slightly decreases 
plasticity, but this is not very noticeablefexcept at points of high 
oxide concentration (Plate II, Fig. 11) or when the copper is 
heated in atmospheres containing hydrogen or in which hydrogen 
may be generated. Oxygen-free copper can be produced by 
adding phosphorus to the liquid metal, but ordinarily, the residual 
phosphorus content reduces the conductivity of the metal below 
that required for electrical applications. Oxygen-free high- 
conductivity copper melted and cast in a carbon monoxide 
atmosphere (OFIiC) will exhibit superior plasticity to the tough 
pitch grade, although it can also be embrittled by first heating in 
oxygen (or air) and then in hydrogen. One other particularly 
dangerous impurity is bismuth which, by forming a low-melting- 
point structure (with as little as 0.006 per cent Bi), causes the 
copper to lose all ductility at high temperatures (see hot-short- 
ness, page 87). A lower concentration of bismuth can be toler- 
ated on the basis of it« slight solubility in solid copper. 
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Magnesium has long been known to have relatively poor corro- 
sion resistance, particularly to salt-water solutions or vapors. 
This resulted in extremely careful surface protection (or the 
abandonment of use of the metal) in many applications, for 
example. Naval aircraft. It has recently; been found ^ that pure 
magnesium, and its important alloys, are very resistant to salt- 
water corrosion. By keeping the amounts of iron, copper, nickel, 
and cobalt impurities below certain tolerance limits {e.g., 0.017 per 
cent Fe), or by balancing higher contents with other elements 
that neutralize the corrosion-stimulating effect, magnesium 
alloys may show far greater resistance to corrosion than was 
believed possible only a few years ago; e.g., withstand three 
months^ alternate immersion in a 3 per cent sodium chloride 
solution without significant loss of strength. 

Zinc alloys when first used in die castings proved unsatisfac- 
tory particularly in warm, humid climates; castings would swell 
enough to jam mechanisms in which the castings were used, and 
the intergranular (between grains) corrosion, which caused the 
swelling, ; also greatly reduced the metahs strength. Research 
showed that by keeping the total content of lead and cadmium 
impurities below 0.01 per cent, the die castings would indefinitely 
resist intergranular corrosion. Thus, zinc for die castings must 
have a purity of 99.99 per cent, whereas that used for alloying 
with copper (to make brass) or for galvanizing iron has consider- 
ably higher permissible impurity limits. 

Iron in the pure state has much better corrosion resistancic than 
in the relatively impure form of steel, even low-carbon grades. 
Armco ingot iron finds its most important applications in 
enameled ware and in fields where better corrosion resistance 
than that of steel, but not particularly high strength, is required. 
(There appears to be some question ’as to the comparative cor- 
rosion resistance of relatively pure iron and ordinary l()w-carl)on 
steel. It has long been believed that, in general, metals resist 
corrosion better when in a pure state, e.g.^ magnesium and zinc. 
This generalization appeared to be true for iron, but recently 
some authorities have claimed that ingot iron's only special 
virtue is for enameling.) 


1 Hanawalt, Nelson, and Peloubet, Metals Tech., A.LM.E., 8 , Septem- 
ber, 1941. 
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The commonest undesirable impurity element in all iron and 
steels is sulphur which, with iron, forms a low-melting-point 
constituent and thus causes hot-shortness (see page 87). The 
presence of manganese in amounts of about five times the sulphur 
content converts the sulphur to an innocuous (high-melting- 
point) manganese sulphide. When present in comparatively 
large amounts, the manganese sulphide, by interrupting the 
continuity of the plastic ferrite matrix, permits the steel to be 
machined faster, with less power, and with a better surface 
finish. Sulphur added to oxidized liquid steels does not seem to 
form the normal iron sulphide which, distributed along grain 
boundaries, causes hot-shortness. Ramsey and Graper^ show 
that the machinability of deoxidized steels may be improved 
without large manganese additions by adding sulphur as a 
sulphite, Na 2 S 03 , which, upon contact with liquid steels, decom- 
poses to SO 2 and Na20. The SO 2 is absorbed by the steel, 
perhaps as a monoxide with the excess oxygen forming Si 02 
and AI2O3. These are slagged off by the Na20. The resulting 
oxysulphide inclusions, by being uniformly dispersed, increase 
machinability without causing hot-shortness. 

Aluminum is slightly stronger and less ductile when the normal 
content of iron, silicon, and copper impurities are present (as 
in Alcoa 2S), but in most alloy applications these are relatively 
unimportant. They have some influence on alloy casting 
properties and heat-treatment temperatures (for details see 
page 82), and the amounts present should be controlled for 
repToducible optimum properties. 

Nickel may contain a slight amount of sulphur from the fuel 
used in melting furnaces, which may form a continuous envelope 
of brittle sulphide at the grain boundaries and thus embrittle 
the entire structure. The amount of sulphide can be so small 
as to be undetectable by ordinary micrographic technique. The 
addition of about 0.05 per cent magnesium causes sulphide to 
form in an innocuous dispersion of particles and permits the 
metal to display its inherent plasticity or malleability. Simi- 
larly, lead may be present as an impurity in gold in amounts 
small enough to escape detection by the microscope and yet form 
a thin brittle envelope at grain boundaries which, being con- 
tinuous or nearly so, embrittles the entire structure. 

^ Metals Tech,j, 9, April, 1942. 
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Beryllium, although having the same type of crystal structure 
as zinc and magnesium, has always been considered as a brittle 
metal since the purest laboratory grades have shown no malle- 
ability. Recently, commercial beryllium remelted under a 
vacuum (to eliminate nitrogen and other gaseous impurities), 
alloyed with small amounts (0.2 to 0.5 per cent) of titanium or 
zirconium, and then cast under vacuum, has been successfully 
hot-rolled. The titanium or zirconium seems to form disperse 
stable oxide particles which replace the former beryllium oxide 
films that initiated cracking. However, the hot-worked product 
is still deficient in cold malleability. Improvement in this direc- 
tion would greatly increase the utility of this interesting metal. 
It is probable that small amounts of aluminum or other similar 
metals, by forming a low-melting phase, can make the metal 
hot-short in a manner similar to sulphur in iron or nickel, lead in 
gold, or bismuth in copper. 

QUESTIONS 

1. Are metals in the pure state in the best condition for ordinary service? 
Give several instances of pure metals, used as such, meeting certain specific 
requirements, 

2 . Express the electrical conductivity of Al, Au, Fe, Ni, and W as a per- 
centage of that of Cu. Explain the anomaly of a value for commercial Cu 
in excess of 100 per cent. 

3 . What are the principal fields of utilization of wrought iron? 

4. Explain the term “space lattice.” 

6. Classify the following metals on the basis of atomic arrangement. 
Which ones would be expected to show the best plasticity? 


Iron 

Magnesium 

Copper 

Cadmium 

Tungsten 

Lead 

Tin 

Silver 

Nickel 

Chromium 

Gold 

Beryllium 

Zinc 

Manganese 

Aluminum 



6. Define the term allotropic transformation (or polymorphism). .List three 
common metals that show such a transformation, and give the tfnnperature 
at which it occurs, and the phases involved. 

REFERENCES 

“Metals Handbook,” sections on Crystal Structure of the Elements; 
Properties of Iron, Commercially Pure Aluminum, Copper, Nickel, Zinc, 
Wrought Iron, 



CHAPTER III 

COLD-WORKING AND ANNEALING 

Plasticity of metal crystals is synonymous with deformability — 
the ability to be strained or to undergo a considerable change 
in shape or dimensions without cracking or breaking. When the 
deformation occurs below a certain minimum temperature, the 
hardness and strength properties increase; Le., strain hardening 
occurs, while ductility properties correspondingly decrease and, 
under these conditions, the deformation process is generally 
called cold-working. Ductility may be restored to its initial 
value and the strain hardening eliminated by annealing the metal; 
i.e.j reheating above the minimum temperature previously 
mentioned. If the deformation proceeds at temperatures in the 
annealing range, no strain hardening occurs and the process is 
called hot-working. 

MECHANICS OF DEFORMATION 

It has already been pointed out that plasticity in metals is 
related to crystal structure; more specifically, it depends on the 
existence of parallel planes of high atomic density and correspond- 
ingly wide spacing, together with the special interatomic forces 
binding metal atoms in a lattice. Blocks of the crystal on either 
side of a specific plane, or group of planes, can move in opposite 
directions, come to rest with atoms on either side of the plane in 
nearly equilibrium positions, ‘and thus change the external shape 
of the crystal without destroying it. The atoms cannot be in 
exactly normal positions after the deformation for then the 
properties of the crystal should be unchanged and no strain 
hardening would have occurred. Atomic conformity cannot 
have been entirely destroyed across the plane or subsequent 
movements at right angles would not be possible (see Plate III, 
Fig. 2). The mechanics of the movement are not known with 
certainty; it may occur by a shearing movement of entire blocks 
at adjacent planes, or by migration of atoms through vacant 
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sites of the lattice structure, starting at one side of the crystal 
and crossing it like a wave on the specific plane and in the 
requisite direction. In either event, the individual crystal is 
not isotropic, i.e.^ it cannot flow in any direction, as do tar or 
other noncrystalline (amorphous) solids, but moves only accord- 
ing to the crystallographic slip planes and directions available. 
The slip process also requires a rotation of the slip plane and 
direction toward the direction of stress or plastic flow. (This 
rotation may be visualized by placing some flat pieces of a hard, 
sheet material in a ball of plastic clay and forcing the ball to 
elongate in a direction of about 45 deg. to the plates; they will 
be found to rotate during the deformation toward parallelism 
with the flow direction.) While the individual atomic move- 
ments during the plastic deformation of a single crystal are 
uncertain, the gross movements of large blocks of the crystal 
are predictable. 

When a relatively fine-grained commercial metal is cold-rolled, 
the simple picture of slip and rotation becomes more complicated 
in that the operative slip systems of the aggregate are at different 
angles to the flow direction. The applied stress is resolved in 
each crystal to a stress on the slip plane and in the slip direction 
and another component normal to the plane. The normal 
stress tends to cause cleavage along the plane, and, since this 
does not ordinarily occur in ductile metals, the normal stress is 
generally ignored. The stress acting along the slip planes is the 
cause of shearing movements and flow. Since the resolved stress 
is a function of the orientation of each crystal and since a mini- 
mum elastic shearing stress limit must be exceeded before flow 
begins, it is apparent that all crystals do not start to flow at the 
same time and that, if the maximum stress is near the gross 
elastic limit, some crystals plastically and 

some only elastically. Thi§"is ofie^'^Ski-iKie of residual or internal 
stresses (on a micro scale) after releasing the applied stress and is 
also the reason most cojnmerci^' metals do not show a sharp, 
well-defined, yield point'-^fa|e. 9). A second complication in 
the deformation of polycrp^lline metals e when neighbor- 
ing crystals of differing orienta^t§%^d"tq ftow in slightly differ- 
ent directions, yet must maintain contact at all points or a crack 
will form and spread. To ensure contact at all grain boundaries 
of an aggregate of crystals during flow, each crystal is forced to 
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use more than one slip system (one plane and one direction) 
and, consequently, some, bending of the lattice structure is bound 
to occur, particularly at grain boundaries. Rotation of the 
slipping blocks will not be uniform and, as a result, deforma- 
tion creates a series of crystal block fragments, often arranged 
in parallel, curved bands having slightly varying orientations 
within each band and mirror image rotations from band to band, 
all derived from an initial crystal of uniform structure. 

A fine-grained metal containing crystals with a random dis- 
tribution of orientations will, in most respects, behave as an 
isotropic substance despite the nonisotropic behavior of its 
individual component grains. After considerable plastic defor- 
mation, however, with crystallite fragments in each grain rotating 
toward a common position with respect to the flow direction, the 
metal ceases to be isotropic, both crystallographically and 
mechanically; it will show somewhat different properties depend- 
ing on the direction of measurement, i.e., the position of the 
axis of the test specimen with respect to the flow direction or 
direction of rolling. 

In this discussion, deformational processes have been con- 
sidered as applied to metals having a uniform crystal structure. 
This would include any pure metal or a metal where a second 
element is dissolved in the metal without altering the form of its 
crystal structure (page 47). Most of the actual structures 
employed to illustrate this discussion are of a solution-type 
alloy, a brass (in this case 70 per cent Cu, 30 per cent Zn), which 
has a crystal structure nearly identical to that of copper. It 
might also be pertinent to point out that a hard, insoluble con- 
stituent, such as CU 2 O in copper (Plate II, Fig. 10) or Al-Fe-Si 
compound in aluminum..i£liia..II, Fig. 6), will be strung out 
in the directi(^^ seriously affecting the 

mechanics oj&^ejEtei*a:tToTrf*^ crystals. 

'f 

MieRoSTRrrQTXJiaErs ISIte m) 

Plate Single brass strained 0.2 per 

cent in was polished, etched 

with ammonia and then photographed with 

the light at an oblique angle. The undisturbed surface of the 
crystal is dark, but light ,^has reflected from the sides of steplike 
discontinuities or lines indicating the planes of block slip. The 
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single longitudinal line was scratched on the polished surface 
before straining. The slight deviation from the original straight- 
ness indicates that the amount of plastic displacement at each 
visible slip line amounts to about 700 to 800 atoms. 

Plate III, Fig. 2. Polycrystalline annealed brass, polished, 
etched with ammonia peroxide, and then squeezed slightly in a 
vise; XIOO. With normal illumination, the color variations of 
this grain structure are related to orientation differences (page 
6). The parallel, dark lines are steplike discontinuities resulting 
from block slip. Note that when these reach grain boundaries, 
they stop or change direction. In some cases, they are parallel 
to annealing twins (the planes of slip in brass are also potential 
twinning planes). Where the active slip plane is not parallel to 
tne twin but intersects it, note the change of direction at the 
t-vvin and resumption of the original direction on the other side. 
This is further evidence of the change of orientation in twins 
and yet the atomic conformity between the twin and original 
crystal. Note also that the bottom crystal shows two sets of 
intersecting lines vdthin some of the twin bands, indicating that 
more than one set of the potential slip planes functioned during 
this slight deformation. All of these markings appear only 
by reason of a difference in surface level on either side of the 
slip plane; repolishing of the specimen would remove the line 
markings. 

Plate III, Fig, 3. Armco iron polished, etched with Nital, 
and then squeezed in a vise; XIOO. Body-centered cubic iron 
has no single set of well-defined slip planes. That, rather than 
any lesser perfection of the crystal structure, is the probable 
explanation of these characteristically forked and wavy slii) lines. 

Plate III, Fig. 4. a brass cold-dolled to a 30 per cent reduc- 
tion; NH4OH-H2O2 etch; ;X 200.. /Phis .structure of a surface 
parallel to the rolling plane (with the rolling dii-ection v(U'tical) 
shows grains somewhrf' elongated in the dir(H‘.ti()n of i-olling. 
The formerly straight %yrhi._ bands now show curvai-ure indica- 
tive of lattice bending. ‘“^iThe curved, dark lines in the ciystals 
are parallel to the active slip, planes. but appear for an entirely, 
different reason than those of Plate* PIJ| Fig. ^2^; after the rivlatively 
high reduction of 30 per cent (Plate III, Fig. 2 was deformed less 
than 1 per cent) atomic nonconformity at the active slip planes, 
or possibly fragmentation or other localized atomic changes, 
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has created a zone of high, localized instability where etching 
attack proceeds more rapidly, in a manner analogous to attack 
at grain boundaries. Three sets of markings in one crystal 
indicate that three different sets of octahedral planes were active 
in the deformation process. Since these markings cannot be 
removed by repolishing, they are called noneffaceahle deformation 
lines, etch markings, or simply sti^ain markings. 

Plate III, Fig. 5. a brass cold-rolled to a 60 per cent reduc- 
tion ;J^H 40 H-Ii 202 etch;X200. After a greater reduction, this 
structure of the rolling plane (rolhng direction again vertical) 
shows strain markings that are less well defined and more wavy, 
curved, or branched, indicating greater lattice distortion and 
fragmentation. It is also evident that the. strain markings (on the 
active shp lines), instead of being randomly disposed, grain to 
grain, as a result of random crystal orientation, are now tending 
to assume a common general position on the sheet surface, 
approaching perpendicularity to the rolling direction. Thus the 
rotation of individual crystals, or banded sections of crystals, 
into symmetry positions with respect to the direction of flow is 
generating a preferred orientation. 

Plate III, Fig. 6. Same as Fig. 5 but photographed at X200 
on a plane parallel to the rolling direction and normal to the 
rolling plane (longitudinal section). The markings that tended 
to be perpendicular to the rolling direction in Fig. 5 are now seen 
to represent twisted and warped planes tilted at approximately 
45 deg. to the surface of the rolled sheet. 

PROPERTY CHANGES FROM COLD-WORKING 

Strain hardening has already been defined as the change in 
mechanical properties, i.e., increases in hardness and stixmgth, 
decreases in ductility, which accompany cold deformation. 
There is no single, universally accepted explanation for strain 
hardening, but it seems certain that the visible distortion of the 
crystal lattice, manifested by curved and warped liruvs of deforma- 
tion, and the accompanying fragmentation of the crystal must 
increase the force required to cause furtlier deformation on any 
set of slip planes, as compared to the force recpuixul to initiate 
slip in a crystal with a relatively perfect lattice. 

The extent of the various property changes is of more imme- 
diate importance in evaluating potential engineering applications 
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of cold-worked metals. Although both hardness and strength 
increase, they do not follow parallel courses when plotted against 
the reduction by cold-rolling (see Fig. 3; page 41). Strength 
generally increases more or less linearly, whereas hardness 
increases very rapidly in the first 10 per cent reduction and then 

Table II . — Eockwell Hardness Values and Tensile Properties 


Per cent reduction by cold rolling 
Material and its 


initial condition 

1 

0 

10 

20 

30 

40 

50 

60 

Armco Iron — Ann. 

725°C 

02=^ 

44 

55 

62 

66 

68 

m 

69 

Aluminum (2S) — Ann. 
400°C 

H6 

41 

1 

48 

53 

58 

e. 

69 

Copper T. P. Elec. (p. 
IS) Ann. 600°C 

H15 

73 

81 

86 

90 

91 

92 

Zinc (99.9% Zn) 

Y6 

8 

10 

9 

8 

8 

7 

Nickel silver (see page 
52)— Ann. 950°C.... 

B18 

64 

79 

84 

87 

89 

91 

70:30 bras s — f i n e 
grained (0.01 mm.) . . 

X18 

70 

88 

93 

97 

99 

101 

70 : 30 brass — coarse 

grained (0.25 mm.) . . 

X12 

62 

83 

89 

94 

97 

100 

70 : 30 brass — tensile 

strength, pounds per 
square inch 

43,000 

48,000 

53,000 

60,000 

70,000 

80,000 

90,000 

70:30 brass — elonga- 
tion (% in 2 in.) 

70 

52 

35 

20 

12 

8 

6 

60 : 40 brass — ^furnace- 
cooled (800°C.) 

B8 

65 

77 

84 

89 

91 

92 

60 : 40 brass — quenched 
(800°C.) 

B37 

76 

. 83 1 

i 

87 

90 

92 

93 


* Rockwell scales ; G = Kc 150 kg.; B = Kein., 100kg.;H = >8 in., 60 kg. ; X = K« 
in., 75 kg. ; Y = K in., 25 kg. The special Rockwell scale for the 70: 30 brasses was required 
to keep all values in the regular range, 0 to 100. Tor initial structures of the 60:40 brass, 
see pages 102-104. Ann. = prior annealing temperature. 

more slowly at successively higher reductions. Elongation (as 
determined in the tensile test) follows a course opposite to that of 
hardness, a large initial decrease in the first 10 per cent reduction 
and then a gradually slower rate, asymptotically approaching 
zero. 

"Typical data for hardness changes of several metals are repro- 
duced in Table 11. 
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The development of a preferred orientation in the cold-worked 
crystalline fragments is not noticeable, in most cases, until the 
metal has been given a reduction of from 40 to 50 per cent or 
more. Consequently, the preferred orientation bears no direct 
relationship to strain hardening. The extent of the preferred 
orientation, and relatedly, of the directionality of properties is 
not only affected by the degree of the last cold reduction but by 
the extent of all previous reductions and temperatures of anneal- 
ing. The data of Table III represent changes in an a brass of 90 
per cent copper and 10 per cent zinc (''Commercial Bronze''); 
elongation data are difficult to obtain and here are less significant 
than strength variations. 

Table III. — Directional Properties op Coll-rollel 90:10, 
Copper-Zinc Alloy 

^ . ,, Per cent elongation 

Tensile strength • ^ • 

^ m2 m. 

Angle, specimen axis to rolling direction 
0 deg. 45 deg. 90 deg. 0 dog. 45 deg. 90 deg. 


A. Light reductions and an- 


neals + 37 % 

B. Moderate reductions and 

O 

O 

O 

60,000 

63,000 

5.0 

4.0 

3.0 

anneals -f 56% 

74,000 

74,000 

77,000i 

4.0 

3.0 

3.0 

C. One heavy reduction, 95 % . 

82,000 

o 

o 

o 

00 

95,000! 

2.7 

2.7 

3.2 


In addition to changes in mechanical properties, cold-working 
changes physical properties; e.g., it has a deleterious effect on the 
magnetic properties of soft iron and decreases electrical con- 
ductivity of pure metals slightly (about 2 to 5 per cent) and of 
some alloys, such as a brass, strongly (about 20 per cent, see Fig. 
3, page 41). The distorted lattice of cold-worked metals is of 
an unstable character and represents stored energy, wliicdi means 
that chemical reactivities of cold-worked metals arci also a;llhc.ted 
(as shown by the increased rate of attack by etching solutions). 

MECHANICS OF ANNEALING 

The process of changing the distorted, unstable, cold-worked 
lattice, which may have residual macro- or microstresses, back to 
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a strain-free structure by the application of heat is termed 
annealing. Macro- and micro- have the same significance here as 
when applied to photographs of structures. The word macro- 
dresses refers to stresses existing, in a balanced state, over large 
areas of the metal. When the balance is upset by machining 
away part of the metal, the unbalanced stresses will redistribute 
themselves by a distortion of the metal; for example, a slit cold- 
drawn tube may open up at the cut, increasing the diameter of 
the tubing. On the other hand, microstresses, while also of 
necessity in a balanced state, are so localized in extent that they 
cannot cause a change of dimensions upon machining of the metal 
and are detectable only by X-ray diffraction or comparable 
methods. 

At some relatively low temperature of heating, internal stresses 
are relieved; measurable macrostresses by plastic flow or creep, 
and microstresses by the movement of some atoms, forced out of 
stable lattice positions with respect to their neighbors, toward 
localized equilibrium positions. Since the gross lattice distor- 
tions are unaffected, hardness and strength may not be noticeably 
decreased; in fact, in some solid-solution alloys, such as the a 
brasses, the hardness and strength may increase slightly. (Plac- 
ing a test specimen of cold-rolled brass on a hot radiator for a 
couple of hours may bring its strength up to specifications, if it 
originally was a little below the minimum. This slight increase 
in hardness and strength is believed by some to be caused by 
precipitation (see page 76) of a phase, soluble in the stable lat- 
tice and insoluble in the distorted lattice.) Heat treatment in 
this relatively low temperature range is called a stress-relief 
anneal. The internal stresses in a cold-worked metal may 
approach the strength of the material and exceed it, if localized 
surface notches are formed by the attack of certain specific 
corrosive agents, e.g.j ammonia or mercurous nitrate solutions for 
brasses. When the localized stresses exceed the strength of the 
material, cracks start forming. Since the corrosive attack usually 
creates notches at grain boundaries, the cracks start and propa- 
gate along grain boundaries, resulting in intergranular failure of 
the type known as season-cracking or, more, accurately, stress- 
corrosion cracking. The temperature range of stress-relief 
annealing is called the recovery range. Besides the property 
changes already mentioned, there may be some very minor 
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structural changes but, at most, these will be only the partial 
disappearance of etch or strain markings. Their removal takes 
a considerably longer time than is possible to employ commer- 
cially, but the tendency illustrates the decrease in localized 
stresses that had given the original etching effect. 

At the upper temperatures of the recovery range, hardness may 
start to decrease markedly. Simultaneously, minute new 
crystals,' identical in composition and lattice structure to the 
original undeformed grains, make their appearance in the micro- 
structure. These crystals are not elongated, as are the frag- 
mented, deformed grains, but appear to be approximately 
equiaxed; i.e., their diameters are about the same in whatever 
direction measured. The crystals appear first in the most 
severely distorted part of the worked structure, which would 
usually be at former grain boundaries. Presumably the re-for- 
mation of atoms into the uniform lattice of a new crystal requires 
a certain minimum energy, and since areas of maximum dis- 
tortion are regions of maximum instability or of high energy 
content, they require less energy from an outside source. The 
atoms, or groups of atoms, from which the new grains start to 
form are nuclei^ and the process of their formation and growth to 
a visible size is called recrystallization. The process is not com- 
pleted instantaneously at a fixed temperature. As in all crystal 
structural changes involving nucleation and growth, the process 
is a function both of temperature and of time. The other vari-^ 
able to be considered is that of the initial instability, and factors 
affecting that are the degree of prior deformation and the prior 
grain size. 

After recrystallization begins, the use of longer times at a 
specific temperature, or slightly higher temperatures (generally, 
doubling the time is equivalent to raising the temperature 10®C.), 
results in growth of the first new crystals from strained material 
surrounding them and the formation of additional nuclei in the 
somewhat less distorted sections of the cold-worked lattice. 
Strictly speaking, the word recrystallization refers only to the 
process by which nuclei form and grow, resulting in the gradual 
disappearance of the cold-worked structure. The temperature 
range in which this occurs is one of sharp changes of mechanical 
properties, unless the prior reduction was very small and the 
recrystallization range correspondingly wide. However, a multi- 
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tude of new crystals (Plate III, Fig. 7) usually will completely 
fill one area while an appreciable amount of the distorted lattice 
remains unaffected. In this case, some of the new crystals will 
grow larger at the expense of other new crystals adjacent to them. 
This process is called grain-growth, and it is clear that the grain 
growth and recrystallization processes overlap and cannot be 
cleanly separated in a temperature or time chart. 

Grain growth in a completely recrystallized structure (or sec- 
tion of a structure) occurs by boundary migration; i.e., atoms at 
the boundary plane between two crystals, A and B, are not in 
stable positions with respect to either crystal; if they become 
attached in normal lattice positions for grain A, the next adjacent 
layer of atoms is pulled slightly from symmetry positions with 
respect to J5; the boundary then has migrated one atom dis- 
tance, A has grown larger and B smaller. Which crystals are 
marked by what force to grow, and which to disappear, is an 
interesting question but unanswerable at the present time. 

MICROSTRXJCTURES (PLATE III) 

All Etched with NH4OH-H2O2 Solution 

Plate III, Fig. 7. a brass, cold-rolled 60 per cent and heated 
to a temperature in the recrystallization range (30 min. at 
300°C.) ; X75. This structure shows masses of tiny new crystals, 
not very well resolved here, and some areas of the old deformed 
structure containing strain markings. 

Plate III, Fig. 8. Same as Fig. 8 at X500. The structure of 
the new crystals is somewhat better resolved at this magni- 
fication. The average diameter of the new crystals is about 
0.002 mm. 

Plate III, Fig. 9. Same specimen as Fig. 8 reheated 30 min. 
at 400°C. ; X75. After recrystallization has been completed and 
after some crystal growth, the average grain diameter is now 
about 0.020 mm. 

Plate III, Fig. 10. Same specimen, reheated 30 min. at 
500°C.; X75. Additional growth has increased the average 
grain diameter to about 0.045 mm. 

Plate III, Fig. 11. Same specimen, reheated 30 min. at 
650°C. ; X 75. The average grain diameter is now about 0. 15 mm. 
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Plate III, Fig. 12. Same specimen reheated 30 min. at 
800°C.; X75. Inspection of a larger area at a lower magnifica- 
tion is required to determine that the average grain diameter is 
now about 0.25 mm. 

All of these cold-worked and annealed brass structures show 
annealing twins. In making grain-size determinations, it is 
necessary to avoid mistaking twin-band boundaries for grain 
boundaries. The distinction is usually readily made on the 
basis of the straightness of twin-band edges and the fact it is a 
band, i.e., h'as parallel sides. Use of an etch that differentially 
colors grains of different orientations facilitates grain-size deter- 
minations. These may be made in four different ways; (1) by 
taking a section of known area, counting all grains contained 
within that area, and adding half of those intersected by the 
edges; this gives the average number of grains per unit area; 
(2) the number of grains per unit area can be converted to a figure 
representing average grain diameter by making certain assump- 
tions as to the shape of the grains; (3) the number of grains 
intersected by a straight line, of fixed length, drawn at random 
across the image (or micrograph) of the structure may be taken 
as representative of the grain size; this method, which is coming 
to be employed for tool steels (page 180), is useful in a qualita- 
tive sense; (4) the grain structure at a specific magnification can 
be compared with standard structures of known grain size 
(reproduced in the Metals Handbook,” A.S.T.M. Standards, 
etc.) at the same magnification or, by use of a conversion factor, 
at a different magnification. This last method is quickest and 
about as accurate as the other, more tedious methods. It. is 
equally useful in most work since, by all methods, measurement 
is made on a two-dimensional view of a three-dimensional object, 
and the resulting data are not absolutely quantitative. Another 
method, less quantitative than the previously listed types, 
employs the appearance of a fractured specimen, usually obtained 
by impact stressing of a notched bar. If the notch i)revents the 
localized deformation that usually accompanies a metal fracture, 
the appearance of the surface is indicative of tlie gra;in size. This 
quick test will give a very useful qualitative indication of grain 
size. A standard set of fractures of tool steels is available to 
enable a more quantitative description of results for these 
materials. 
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Plate III. Figs. 7-12 
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PROPERTY CHANGES UPON ANNEALING 

The recovery range of annealing has already been defined as 
one where hardness and strength are little affected, but stresses 
are at least partially removed and thus susceptibility to stress- 
corrosion cracking is diminished or eliminated. Residual stresses 
are undoubtedly related to nonuniform positions of individual 
atoms in the lattice with respect to one another (microstresses), 
or very large blocks of atoms to other blocks (macrostresses). 
In either case, the atomic displacements must be elastic. When 
the temperature is increased, the elastic strength of the metal is 
diminished, and the stresses cause plastic flow, or block move- 
ment toward equilibrium positions, that reduces the stress. 
The temperature-time relationships required to reduce the stresses 
to a given value may be calculated from creep (flow vs. time) 
data, but are more readily determined experimentally by forcing 
a strip of material to assume a specific curvature (using three 
pins with the center one out of line) with a resultant calculable 
tensile stress on the convex side, balanced by an equal compres- 
sive stress on the concave side. If the stresses are elastic, the 
beam will spring back to straightness when removed from the 
fixture. If the bent beam is heated for various times in the recov- 
ery range, the degree of stress relief can be measured by the 
tendency to “spring back” to straightness. When sti-esses are 
completely removed, the strip will remain permanently in the 
curved position. ^ It has been experimentally observed that 
the troublesome macrostresses in cold-worked metals can be 
largely diminished by plastic flow in the recovery range, without 
materially reducing the microstresses, altering the appearance of 
the cold-worked structure, or reducing strength and hardness 
properties. 

The recrystallization range, in which the deformed structure is 
replaced by new, undistorted crystals of the same type, is a range 
of rapid transition of properties from those of a strained to a 
strain-free structure. Thus hardness and strength diminish, 
and ductility, as shown by elongation values in the tensile test, 
increases (Fig. 3). Higher annealing temperatures, which 
increase the grain size, correspondingly decrease the number of 
grain boundaries which, it will be recalled, offer discontinuities to 

' Kbmpf and Van Hobn, Metals Tech., A.I.M.E., 8, June, 1941. 
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slip or deformation. Thus, grain coarsening is accompanied by 
further decreases in strength and hardness and by increases in 
plasticity. The effects of the factors of prior deformation and 
temperature are shown in Table IV, and the effect of the time 



Fig. 3. The effect of cold-working and annealing on some properties of common 
high brass (65 per cent copper, 35 per cent zinc) . 


factor may be indicated by saying that doubling the time would 
probably give about the same data for temperatures 10°C. lower 
than those shown. 

A more detailed discussion of the factors affecting recrystal- 
lization temperatures and grain-growth characteristics is given 
in the “Metals Handbook.” A summary of the more important 
influences follows: 

1. Recrystallization starts at a lower temperature and is completed within 
a narrower temperature range: 

а. The heavier the prior deformation. 

б. The finer the prior grain size. 

c. The purer the metal. 

d. The longer the temperatures of annealing. 

2. The recrystallized grain size will be smaller: 

a. The lower the temperature (above that required for recrystallization). 
The shorter the time at temperature. * 
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c. The shorter the time heating to temperature (increased nuclcation) . 

d. The heavier the prior reduction. 

e. The more insoluble particles present, or the more finely they are 
dispersed. 


Table IV. — Annealing of Specimens from Table II 


Copper, T. P. Elec. 


70 : 30 brass 


* 


Annealing temp. 


Prior reduction 


and time 

30% 

50% 

80% 

50% 

F.G. 

50% 

C.G. 

T.S. 

EL 

G.S. 

None (cold-worked) 

RH86 

KH91 

RH95 

11X99 

11X97 

80,000 

8. 


ISO^C. 30 min. , , 

85 

90 

94 

101 

98 

81,000 

8. 


200°C. “ 

80 

88 

93 

102 

100 

82,000 

8. 


250°G. “ 

74 

75 

65 

103 

101 

82,000 

8. 


300°C. “ 

61 

54 

42 

82 

98 

76,000 

12. 


350°C. “ 

46 

40 

34 

66 

80 

60,000 

28. 

0.02 

450°C. “ 

24 

22 

27 

50 

58 

46,000 

51. 

0.03 

600°C. “ 

15 

17 

22 

38 

34 

44,000 

66. 

0.06 

750°C, “ 

Final grain size. . , . 

0.15 

0.12 

0.10 

20 

0.08 

14 

0.12 

42,000 

70. 

0.12 


*F.G. = originally fine grained, C.G. = originally coarse grained; T.S. = tensile 
strength in pounds per square inch; EL «= elongation, per cent in 2 in.; RH = Rockwell 
scale, K-in. bali, 60-kg. load; RX = Kc-in. ball. 75-kg. load; G.S. = grain sho hi 
millimeters. 


It is evident from statements Ic and 2e that soluble irapuri tics 
or alloying constituents, such as zinc in copper, raise the rccrys- 
tallization temperature while insoluble constituents, such as CuaO 
in copper, do not noticeably affect the temperature of rccrystal- 
lization but decrease the recrystallized gi-ain size. This latter 
effect is widely used commercially to obtain fine-grained struc- 
tures in annealed metals. 

The grain size obtained after holding a specific time will be 
increased if the metal is reheated to a higher temperature, but 
will be stable, unaffected by all lower temperatures, unless the 
time is increased very considerably (e.ff., multiplied by about 
1,000 for 100°C. lower). 

The preferred orientations found in deformed metals after 
relatively high reductions are not obliterated by the recrystalliza- 
tion and grain growth accompanying subsequent anneals; in fact, 
the directionality of properties may be greater. It is certain 
to be more, troublesome, since disks blanked from rolled and 
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annealed sheet are frequently drawn into cups or tubes, and, if 
the crystals are oriented in preferred directions, the flowability 
of metal will be greater in certain directions and, correspondingly, 
the drawn cups will not be uniform at the top edge but will have 
high sections (ears) of lesser wall thickness. The directional 
properties of different metals vary; upon cupping, some show 
four ears at 0 and 90 deg. to the rolling direction, others four 
ears at the 45-deg. position, while hexagonal and, occasionally, 
cubic metals may show six ears. Since the directional properties 


Table V. — Directional Properties of Annealed 90:10 Cu:Zn Alloy 



Tensile strength 

Elongation 

Height 
of ears, 
in.t 

Angle, specimen axis to rolling direction 

0 deg. 

45 deg. 

90 deg. 

0 deg. 

45 deg. 

90 deg. 

A 

* Ann. 500°C; 

0.01 









mm. grain size. 


42,000 

41,000|42,000 

41 

44 

44 


A 

Ann. 800°C.; 

0.07 









mm. grain size. 


36,000 

36,000 37,000 

39 

45 

44 

0.01 

B 

Ann. 500°C.; 

0.01 









mm. grain size . 


47,000 

45,000145,000 

37 

41 

42 

0.01 

B 

Ann. 800°C.; 

0.04 









mm. grain size . 


39,000 

36,000138,000 

37 

44 

45 

0.03 

C 

Ann. 500°C.; 

0.01 









mm. grain size . 


48,000 

45,000|44,000 

38 

41 

40 

0.01 

C 

Ann. 800°C.; 

0.05 









mm. grain size . 


40,000 

33,000|34,000 

32 

47 

48 

0.05 


* A, B, and C are same specimens as listed in Table III, page 34. 

t Ears on cups 0.6 in. deep by 1.12 in. diameter occurred at 45 deg. to the rolling direction. 

generally increase, not only with increased prior reduction but 
with increased temperature of annealing, it would seem that not 
only do nuclei during recrystallization tend to show a preferred 
orientation but, more important, during grain growth, crystals 
oriented close to certain positions are favored and absorb their 
less fortunately situated neighbors. Data on the extent of the 
property variations. Table V (these are from the same com- 
mercial bronze as tested, in the cold-worked state, for the data of 
Table III), indicate that, in annealed metal, elongation values 
arc more sensitive to directionality than strength. 



44 STRUCTURE AND PROPERTIES OF ALLOYS 

The considerable amount of research in the field of preferred 
orientations in annealed metals has not defined in a quantitative 
sense the mechanism of their origin and development, but has 
revealed the conditions that tend to increase directionality; i.e., 
heavy penultimate (next to last) reductions, and low penultimate 
annealing temperatures and high temperatures of final annealing. ^ 

The change of properties with direction of testing is also known 
as fiber or texture. The ''fiber'' of these rolled and annealed 
metals, based on preferment of crystallographic orientations, 
should not be confused with the "fiber" of wrought iron, or 
similar metals, where the effect is mechanical, caused by the 
presence of slag stringers, all distributed in the rolling direction. 

Large grain structures are frequently favored for their softness 
and ease of deformation. However, not only are they more 
likely to show directional properties, but the deformation 
process, necessarily operating in different crystallographic direc- 
tions in each grain, causes some to rise and some to fall (from the 
original plane surface). This may result in a very undesirable 
surface roughening, or orange-peel effect, at least in sections where 
it is not suppressed by the deforming tool, e.g.^ the roll surface. 

It is now possible to define hot- working more positively; z.e., 
deformation at temperatures above those required for recrystal- 
lization in the short times involved. The structural result of 
hot-working may be little different than that of cold-rolling and 
annealing; the final grain size in each will be largely determined 
by the degree of the reduction, the temperature of the metal after 
deformation is completed, and the time at that temperature. 
Metal crystal lattices are expanded at higher temperatures, and 
the specific planes that function in the deformation process at 
low temperatures are not the only ones participating in the flow 
process at elevated temperatures. For example, hexagonal 
metals, such as zinc and magnesium, are quite plastic at high 
temperatures, regardless of the crystal orientation, since slip is 
not confined to the basal plane but may also occur on pyramidal 
or prismatic planes. This and other factors, such as the lower 
atomic binding forces, mean that less force is required for initial 
deformation and this force does not increase during flow since no 
hardening occurs unless the rate of straining is very rapid. 

iBtjeghoff and Bohlen, Met. Tech. A.I.M.E.^ 9, January, 1942. 

Palmer and Smith, Met. Tech. A.I.M.E.j 9, June, 1942. 



VOLD-^WORKING AND ANNEALING 


ENGINEERING APPLICATIONS 

The nonferrous metals, copper, aluminum, nickel, and theii 
alloys, are commonly furnished in various conditions of “temper’’ 
obtained by cold-working after annealing. Cold- working by 
rolling, drawing, etc., to decreasing thickness, is frequently 
measured in Brown and Sharpe gauge numbers, and the temper 
of brass mill products is commonly designated in terms of the 
bv fi:auge numbers. 


B. & S. reduction 

Temper 

designation 

Reduction : 
sheet, per cent 

Reduction : 
wire, per cent 

1 

Quarter hard 

10.95 

20.70 

2 

Half hard 

20.70 

37.11 

4 

Hard 

37.11 

60.45 

6 

Extra hard 

50.13 

75.12 

8 

Spring temper 

60.45 

84.36 

10 

Extra spring 
temper 

68.63 

90.16 


Lead and tin do not strain-harden at ordinary room tempera- 
tures but recrystallize spontaneously following cold plastic 
deformation. Zinc, when very pure, behaves similarly, but 
commercial grades can be hardened somewhat by cold-working. 

The plain carbon steels containing very little carbon, such as 
S.A.E. 1010 and 1015 (O.IO and 0.15 per cent carbon), are very 
commonly cold-worked to raise their strength, and this is also 
done with higher carbon steels in certain applications, such as 
cold-rolled shafting or cold-drawn wire for wire cable. The 
George Washington Bridge across the Hudson River, for example, 
is borne by four 36-in. cables, each composed of 61 strands of 
434 wires each, 0.192 in. diameter, cold-drawn from ^^-in. 
patented (sorbitic) rod containing about 0.8 per cent carbon. The 
rod had a tensile strength of about 170,000 p.s.i. and elongation 
value to 8 per cent before drawing, compared to 240,000 p.s.i. 
and 2 to 3 per cent, respectively, after drawing. In most 
other applications, however, steels containing 0.3 per cent or 
more carbon are usually heat-treated to develop optimum 
strength properties. The familiar 18-8 chrome-nickel (low- 
carbon) stainless steel is not improved by heat treatment bux 
can be approximately doubled in strength by cold-working and 
is used extensively in this condition. 

QUESTIONS 

1. How can you distinguish between — (a) slip lines, (b) lines of deforma- 
tion /'strain markings)? 
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2. Draw curves showing effect of cold-work on the tensile properties of 
brass (from Table II). 

3. Explain the course of the cold-rolling curve for zinc (Table II). 

4., Arrange the following metals in the order of increasing temperatures 
of recrystallization; copper, tin, tungsten, lead, iron, nickel, aluminum. 

6. Draw curves showing the effect on hardness, strength, per cent elonga- 
tion, and grain size upon annealing spring brass (50 per cent reduction of 
initially coarse-grained material) at temperatures ranging from 100 to 
700°C. (Table IV). Mark on this graph the recovery ^ recrystallization, and 
grain-growth temperature ranges. 

6. What would be the best temperature range for annealing this brass 
(question 5) if it were to be used in making reflectors (drawn, polished, and 
plated)? Why? 

7. Why would somewhat higher temperatures be used in intermediate 
annealing operations during cold-rolling in the mill? 

8. Aluminum sheet, after cold-rolling and annealing, was found to be 
approximately 2 per cent oversize in thickness. Why would it be undesir- 
able, or dangerous, to reroll to final gauge and then anneal at the high 
temperature which would be required to remove the effects of this slight cold 
reduction? 


REFERENCES 

“Metals Handbook,^’ sections on Recrystallization; Plastic Deformation 
of Iron; Effect of Cold Work on Properties of Iron. Data on the many 
nonferrous metals which are cold-worked and annealed may be found in the 
appropriate sections of the handbook. 



CHAPTER IV 


SOLID SOLUTIONS: 

COPPER-NICKEL AND OTHER USEFUL SYSTEMS 

Liquid solutions, e.g., water and alcohol, are mixtures of two 
components where the temperature or the composition can be 
varied without the creation of a second phase. Analogously, 
solid solutions are mixtures of two metal elements in which con- 
centration or temperature can be varied through a considerable 
range without changing the type of crystal structure of the alloy, 
a one-phase structure. Commercially important solid-solution 
alloys generally have the crystal characteristics of the element 
present in greatest amount, f.e., the solvent metal. For example, 
in the a brasses discussed previously, up to about 38 per cent of 
zinc can be added to copper without changing the type of crystal 
structure and with only moderate, continuous changes in other 
basic characteristics of the copper. It is impossible to distin- 
guish between the two elements in the ordinary solid-solution 
phase. In the usual substitutional type solutions, one type of 
atom, the solute, is substituted for the other, the solvent, at ran- 
dom points on its lattice. In the interstitial type of solution 
(see iron-carbon alloys. Chap. VIII), atoms of the added element 
are present in the interstices of the solvent lattice. It will be 
the practice throughout this book to refer to terminal solid solu- 
tions, which have the structure of one of their component metals, 
as alpha (or a) phases, with a subscript added to denote the 
solvent metal or element when more than one such solution 
appears on the diagram. 

PHASE DIAGRAM 

Charts showing the relationships between the phases present 
in an alloy system as a function of the temperature and composi- 
tion are called phase, constitutional, or equilibrium diagrams. 
All the diagrams given in the '^Metals Handbook are ^^equi- 
librium'' diagrams, meaning that the alloy phase condition 
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indicated for a given temperature and composition will show 
absolutely no change or tendency to change with time. The 
stable or equilibrium condition is dynamic; atoms are not 
stationary, but the gross summation of all movements is zero. 
The following generalizations wall be helpful in applying abstract 
charts to specific alloy systems; e,g.j the copper-nickel system of 
Fig. 4: 

1. Single-phase fields (for example, those marked liquid or a) 
must be separated by a two-phase field containing some of each 
single phase the field of liquid plus a). The upper line 



Fig. 4. — Phase diagram of the copper-nickel alloy system. 


defining the liquid + a region is called the liquidus and the lower 
line, the solidus. 

2. When an alloy of a fixed composition is heated or cooled 
past the temperature indicated on a diagram by a line, there is a 
partial (for sloping lines) or complete (for certain points on 
horizontal lines) change of phase and a concommitant absorb- 
tion, or release of energy, in the form of heat. Thus, on cooling 
a 70:30 Cu-Ni alloy (composition a) past the liquidus, some 
solid crystals of the a phase start forming, and the release of their 
heat of formation causes a change in slope of the cooling curve. 
It is this effect which is utilized to determine the temperature at 
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which solidification begins, or the minimum temperature to which 
an alloy must be heated to insure complete melting. 

3. In a two-phase field, the composition of each phase at a 
specific temperature is given by the intersections of a horizontal 
line, drawn at this temperature, with the phase field boundary 
lines. Thus, at the temperature indicated by the horizontal 
line ah the liquid has the composition of a (30 per cent Ni) and 
the solid the composition of b (50 per cent Ni) ; at the line cd, the 
liquid and solid phase compositions would be, respectively, 22 
per cent nickel and 40 per cent nickel; etc. 

4. The relative proportions of each phase in a mixture of two 
phases, knowing the temperature and composition of the alloy, 
is given by the lever rule. This states that, for an alloy in a two- 
phase field, the proportionate amount of each phase is given by 
the ratio of the difference between the gross alloy cojnposition and 
that of the other phase to the difference in composition of the two 
phases. Thus, in the diagram, the 70:30 Cu-Ni alloy, at the 
temperature of the horizontal cd, contains a of composition d 
and liquid of composition c. The proportionate amounts of each 
would be: 

(100) = (100) = 55% liquid 

Generalization 3 requires that the composition of the solid 
phase must change during the interval of solidification over a 
falling temperature. Under equilibrium conditions, this adjust- 
ment of composition would occur throughout the solid phase, 
which would be forming open, treelike crystals called dendrites. 
However, equilibrium is practically never achieved in commercial 
casting processes, and the first dendritic nuclei are richer in the 
higher-melting-point element than the successive layers formed 
at lower temperatures. The average composition of the total 
solid phase, in this case, will not be that shown by the phase 
diagram for a given temperature, e.g., point d at temperature cd 
(see Fig. 4); it will contain more of the higher-melting-point 
element, perhaps that given by point d! . This difference in 
composition from center to edge of a dendrite may remain as a 
result of the slowness of atomic interchange or diffusion. (Chi- 
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nese bronzes over 3,000 years old show this dendritic composition 
difference.) The 70:30 alloy should be completely solid when it 
reaches the temperature of the lower phase field boundary line 
(at point a''), but under nonequilibrium conditions, the average 
solid-phase composition will be at some point near / and some 
liquid will remain; specifically, 

(100) = 32% liquid and 68% solid 

The presence of some liquid in a solid-solution alloy, cooled 
from the liquid state to the solidus line, results from the failure 
of diffusion, between the two types of atoms, to maintain the 
composition of the growing, solid-phase dendrites at the equilib- 
rium concentration. The amount of liquid present here depends 
on the time permitted for diffusion during solidification. The 
more rapid the freezing, the farther will be the departure from 
equilibrium and the greater will be the amount of liquid present. 
Even under relatively slow cooling conditions, such as might be 
employed in thermal analyses for the determination of this 
phase diagram, the solidus temperature is never well marked on a 
cooling curve. After the solidification of the last liquid is com- 
pleted, cooling may speed up slightly, but seldom is there a well- 
defined change in slope at a specific temperature. Liquidus 
temperatures may be depressed by undercooling because of slow- 
ness in the formation of the first dendritic crystal nuclei, but this 
effect can be minimized by agitating or stirring of the melt or, 
in some cases, by artificial nucleation. The pasty condition of 
the nearly solidified alloy prevents stirring and, although the 
required diffusion would be accelerated by deformation, that is 
difficult to accomplish with the alloy in a crucible or mold anc 
still partly liquid. Solidus temperatures, however, may be 
readily determined by heating a homogeneous solid solution tc 
successively higher temperatures. If the alloy is simultaneously 
subjected to a slight stress, it deforms plastically while ('iitirely 
solid, but as soon as the solidus temperature is reached, li(|uid 
(enriched in the lower-melting-point element) forms at the grain 
boundaries, and the alloy breaks with an intercrystallirie failure 
(hot-shortness). If the alloy is quenched from just above the 
solidus, evidence of the existence of the liquid phase at that tem- 
perature is preserved and can be identified micrographically by 
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reason of its different composition. This constitutes a second 
method of determining solidus lines. 

MICRO STRUCTURES (PLATE IV) 

All Etched with Potassium Bichromate 
AND Ferric Chloride Solution 

Plate IV, Fig. 1. 85 per cent Cu-15 per cent Ni, as chill-cast; 

X50. This structure is composed of small dendrites of a single 
phase, the a solid solution. There is a very considerable differ- 
ence in nickel content from the central axes of the dendrites to 
the midspace between axes, as predicted from the considerations 
previously described. This is a metastable structure which is 
commonly described as cored dendrites (from the continuous 
differences in composition from the interdendritic spaces to the 
cores). Upon etching, the nickel-rich, dendritic cores are not 
dissolved as rapidly as the copper-rich filling; thus the surface 
of the etched specimen consists of a series of hills” and “val- 
leys.” The dendritic details obscure grain boundaries, although 
several differing grain orientations may be found by studying 
the directions of the dendrites. 

Plate IV, Fig. 2. 85 per cent Cu-15 per cent Ni, as chill-cast 

and heated 3 hr. at 750°C.,* X50. The cored dendritic structure 
has changed only slightly. Counter diffusion of copper and 
nickel atoms between the nickel-rich cores and copper-rich 
fillings has decreased the composition differences somewhat and 
thus slightly reduced the height of the “hills” and depths of the 
“valleys.” Careful examination of the structure shows some 
evidence now of grain boundaries. 

Plate IV, Fig. 3. 85 per cent Cu-15 per cent Ni, as chill-cast 

and heated 9 hr. at 950°C- ; X50. This lengthy, high-temperature 
treatment has completely homogenized the cast structure, i.e.j 
equalized the composition at all points. Grain boundaries are 
clearly evident, and their irregular shape is frequently encoun- 
tered in cast and homogenized solid solutions, the irregularity 
being related to interpenetration of dendrites growing in the 
liquid alloy. Black particles are copper oxide or nickel oxide 
inclusions. The grain size is no larger than in the original cast- 
ing since grain growth does not occur in castings, except when 
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they have been previously strained by some stress (externally 
applied or originating from contraction during cooling). 

Plate IV, Pig. 4. 85 per cent Cu-15 per cent Ni, as cast in a 

hot mold and slowly solidified; X50. This dendritic structure is 
considerably coarser than that of the chill-cast alloy (Plate IV, 
Fig. 1), The cells represent nickel-rich areas (low hills) and the 
narrow, approximately parallel, lines outline the interdendritic 
copper-rich valley areas. The black, vaguely outlined areas are 
shrinkage cavities which, it should be noted, occur in the parts 
last to freeze, i.e., the copper-rich areas. A single grain boundary, 
diagonally transversing the field along the interdendritic spaces, 
is also visible. 

Plate IV, Fig. 5. 85 per cent Cu-15 per cent Ni, as cast in a 
hot mold, slowly solidified, and then reheated 15 hr. at 950°C.; 
X50. In this homogenized structure, the grain size is consider- 
ably coarser than that of Plate IV, Fig. 3, more so than is evident 
in this photograph, which was taken at the intersection of three 
grains. Again, copper, or nickel, oxides are visible and also some 
shrinkage cavities. The time required for homogenization of the 
coarse dendrites was greater than that for the fine dendrites, in 
spite of the lesser initial composition differences across the coarse 
dendrites. The reason is that the distance through which copper 
and nickel atoms must diffuse is so much greater in the coarse 
structure. 

Plate IV, Fig. 6. 64 per cent Cu-18 per cent Ni~18 per cent 
Zn; XIOO. This is a longitudinal section of a wrought alloy, 
called ^‘nickel silver because its color approaches that of silver. 
It is frequently used as a base for plated silverware and other 
applications for which its color, corrosion resistance, and strength 
are adapted. This micrograph of commercial metal, in the hot- 
worked condition, shows that the cored dendritic structure has 
not been homogenized in spite of the fact that deformation 
accelerates homogenization. The increased softness of the 
homogeneous metal in these alloys is seldom worth the costs of 
the prolonged, high-temperature anneals necessary to obtain 
complete homogeneity. 

CAST MACROSTRTTCTURES 

Upon very slow cooling of a liquid alloy with all of the metal 
maintained at a uniform temperature, solidification will start 




Plate IV. 



54 


STRUCTURE AND PROPERTIES OF ALLOYS 


just below the temperature shown by the liquidus line of the 
phase diagram. A few nuclei, distributed throughout the liquid, 
will form, and each will grow in all directions (as dendrites) to 
form a coarse, equiaxed grain structure. If the entire liquid 
cools uniformly but rapidly, many more nuclei will originate in 
the melt and produce a finer grained equiaxed structure. If one 
part of the liquid cools rapidly and another slowly (as in industrial 
casting processes where a hot liquid is in contact with an originally 
cool mold), nuclei will form only where the liquidus temperature 
is first attained, i.e., at the mold wall, and these nuclei will grow 
in the direction of the thermal gradient, giving elongated or 
columnar crystals. Later, the center, or hotter part, of the cast- 
ing may reach the liquidus temperature before columnar crystals 
have grown into this section, and here equiaxed grains may be 
found. Thus, in castings, it is possible to have combinations of 
coarse and fine, columnar and equiaxed crystals. By controlling 
liquid and mold temperatures, thermal conductivities and relative 
masses, it is possible to exercise considerable control of cast struc- 
tures. A fine equiaxed grain structure is usually desired for its 
greater strength and hardness (Chap. III). If impurities are 
present at grain boundaries, they will be more finely dispersed 
in a fine-grained structure and, therefore, less troublesome. This 
is particularly true when the casting is an ingot which is sub- 
sequently to be rolled; a coarse-grained structure is far more likely 
to crack in the early stages of working, and the brittleness is 
related to impurity concentrations at grain boundaries. 

SEGREGATION 

Dendritic segregation on a microscopic scale is called cormg 
and may be explained by using the phase diagram in the manner 
already discussed. On a macrographic or full-size scale, a 
similar effect is noticed in that the first parts of a casting to freeze 
are enriched in the higher melting phase while the parts last to 
solidify (generally, top center sections) are enriched in the lower 
melting-point constituents. The effect is statistical in nature 
since both sections will exhibit coring. The resulting non- 
uniformity of chemical composition is known as normal segrega- 
tion and differs only in dimensions from coring. A third type of 
segregation is the reverse of this; ^.e., the pai*ts of the casting 
first to freeze are emiched in low-melting-point constituents. 
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The effect is called inverse segregation. It is priraarily caused 
by the contraction of solidifying dendrites which tends to enlarge 
the interdendritic channels. As these open up, a resultant 
suction effect draws residual liquid metal, enriched in solute 
atoms (or low-melting-point constituents), through the channel 
to the surface. The action may be aided considerably by an 
internal pressure from the release of dissolved gases. Thus 
^'tin sweat, exudations rich in tin, may form on the surface of 
tin bronze castings when the liquid metal contains appreciable 
amounts of dissolved hydrogen which is released as gas in a late 
stage of solidification and forces the tin-rich liquid at the center 
of the casting through the interdendritic channels to the surface. 

Coring may be completely eliminated by diffusion (homo- 
genization) treatments at high temperatures as shown by the 
photomicrographs. Normal and inverse segregation are little 
affected by such treatments because of the tremendous dis- 
tances (on an atomic scale) involved. 

PROPERTIES 

The effect of solute concentration on some mechanical and 
physical properties of two copper-base solid-solution alloys, the 
copper-nickel and a brass series, is indicated by the data of 
Table VI. 

The properties of annealed solid solutions are so affected by 
the grain size of test specimens and by soluble impurity elements 
that it is difficult to obtain comparable data for specimens repre- 
senting concentrations across an alloy diagram. Recrystalliza- 
tion temperatures and grain-growth characteristics are affected 
by both solute concentration and impurities! Consequently, 
the data given here are not necessarily the same as would be 
obtained with industrial alloys and should be taken only as 
qualitatively indicative of the effects of dissolved elements. 
These, and other data not reproduced here, lead to the follow- 
ing general conclusions : 

1. Mechanical properties show moderate, gradual changes, 
generally of considerably less magnitude than those effected by 
cold deformation. Strength and hardness (by indentation tests) 
are always increased, although not necessarily in a parallel man- 
ner. In a continuous series, such as the copper-nickel alloys, 
this requires maximum values for strength and hardness, although 
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Table VI. — Properties of Annealed Copper Solid Solution Alloys^ 


Solute 

concentra- 

tion 

Tensile 

strength, 

p.s.i. 

Per cent 
elonga- 
tion 
in 2 in. 

Brinell 
hardness, 
10 mm., 
500 kg. 

Lattice 

param- 

eter, 

XlO”® cm. 

Electri- 
cal resis- 
tivity, 
mi- 
crohms 
per cm.'*' 

“Self- 
potential” 
(see page 
59) 

Per cent Ni: 







0 

30,000 

53 

36 

3.6073 

1.7 

— 65. mv. 

10 

35,000 

47 

51 

3.5975 

14. 

-45. 

20 

39,000 

43 

58 

3.5871 

27. 

- 25. 

30 

44,000 

40 

67 

3.5770 

38. 

+ 10. 

40 

48,000 

39 

70 

3.5679 

46. 

H- 55. 

50 

50,000 

41 • 

73 

3.5593 

51. 

-fl05. 

60 

53,000 

41 

74 

3.5510 

50. 

•+■150. 

70 

53,000 

42 

73 

3.5432 

40. 

+-185. 

80 

50,000 

43 

68 

3.5350 

30. 

+-205. 

90 

48,000 

45 

61 

3.5265 

19. 

-h215. 

100 

43,000 

48 

54 

3.5170 

6.8 

4-225. 

Per cent Zn: 







0 

32,000 

46 

38 

3.6073 

1.7 


5 

36,000 

49 

49 

3.6176 

3.1 


10 

41,000 

52 

54 

3.6275 

3.9 


15 

42,000 

56 

58 

3.6378 

4.7 


20 

43,000 

59 

56 

3.6488 

5.5 


25 

45,000 

62 

54 

3.6612 

6.3 


30 

46,000 

65 

55 

3.6735 

6.6 


35 

46,000 

60 

55 

3.6864 

6.7 


40(o: -b ^') 

54,000 

45 

75 

3.6940(a) 




the two maxima do not necessarily come at the same concentra- 
tion. The changes in these properties are not linear in most 
cases. Considerable effort has been devoted to find an explana- 

1 Mechanical property data for high-purity copper-nickel alloys from 
Broniewski and Kulesza {Metaux et Corrosion^ 12, 67, 1937). Data in 
‘^Metals Handbook’’ show decidedly higher strengths for copper-nickel 
aUoys because soluble impurities Mn) are present and the alloys prob- 
ably had a finer grain size. Mechanical property data for brass alloys 
are from a Chase Brass & Copper Company Bulletin for commercial alloys 
of moderate grain size. Lattice parameter data (from Owen and Pickup) 
indicate changes in the size of the unit cells of the alloys effected by the 
solute atoms. ‘‘Self-potential” data for copper-nickel alloys and the dis- 
cussion of related corrosion properties on p. 59 are from the Hesearch 
Laboratory of the International Nickel Co. The 40 per cent zinc alloy 
marked (a -f /S') is a two-phase alloy, as hot-rolled (see p. 99). 
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tipn for the differences in solid-solution hardening as effected hy 
different solute elements. No consistent correlation has been 
found between the hardness increase and the type or size of the 
solute atom, although usually the hardening effect is greatest 
when the solubility is restricted. For example, to increase the 
hardness of pure copper from Vickers DPN 40 to 54, the follow- 
ing atomic concentration of each of the respective solute elements 
is required: Antimony, 0.6 per cent; arsenic, 3.6 per cent; man- 
ganese, 4.6 per cent; silicon, 4.6 per cent; aluminum, 4.7 per cent; 
zinc, 12.1 per cent; or nickel, 13.2 per cent (data by R. P. Angier 
on pure binary alloys annealed to a uniform, 0.035-mm. grain 
size). 

It appears that the most rapid hardness increases are found 
when the potential solubility is least, although there are some 
exceptions to this generalization (e.g., manganese). 

Table VI shows that the effect of solid-solution elements may 
be to increase or decrease ductility insofar as that rather vaguely 
defined property is indicated by tensile-test elongation values. 
In most cases, the trend of elongation values probably varies 
inversely with that of strength and hardness, but silicon, zinc, or 
tin seems to increase the ductility of copper. 

2. Physical 'properties also vary with solute concentration. 
Electrical conductivity is always decreased, or conversely, 
resistivity increased, although to a different extent by different 
solutes. In a complete alloy series, such as copper-nickel, this 
requires a maximum in resistivity at some intermediate alloy 
concentration. Other characteristics, such as the size of the 
lattice, as indicated by the length of the edge of the unit cube or 
lattice parameter j vary linearly or approach a straight-line rela- 
tionship (Vegard’s law). Both copper-nickel and copper-zinc 
alloys show a negative deviation from linearity, but the difference 
is not known to have any significance. 

The lattice parameter relationship is important in considera- 
tion of the effect of coring, and its elimination, on mechanical 
properties. A specimen such as Plate IV, Fig. 1, with a fine 
dendritic, heavily cored structure cannot have a uniform slip 
system existing across one grain for, as the lattice periodically 
is contracted and expanded by the variation in nickel content, 
the potential slip planes must exhibit a related nonuniformity. 
Thus a greater stress is required to cause deformation, and the 
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metal is relatively harder and stronger than it would be in the 
homogenized condition with a uniform lattice. The coarse 
dendritic structure of the specimen in Plate IV, Fig. 4, would 
show intermediate strength or hardness values. 

Solid-solution alloys are not customarily used where strength 
or hardness is of paramount importance. Their basic properties 
are ductility approaching or, in some cases, surpassing that of 
the pure solvent metals, plus moderately increased strength 
properties and other special properties derived from one or more 
of the components, a brasses are cheaper than copper (since the 
addition agent, zinc, is cheaper), stronger, and yet show good 
corrosion resistance and excellent ductility. Cupro-nickels have 
much improved corrosion resistance as compared to both copper 
and brasses. In all other cases, comparable compromises of 
special properties may be obtained in solid-solution alloys. 

It is interesting to list alloy systems that show complete solid 
solubility at all temperatures. The more important ones, 
together with their lattice arrangements, include: 

Ni-Cu, Ni-Co, Ni-Pt, Ni-Pd (face-centered cubic). 

Ag-Pd, Ag-Au, Au-Pd, Pt-Rh, Pt-Ir (face-centered cubic). 

W-Mo (body-centered cubic) /Bi-Sb (rhombohedral hexagonal). 

Another group of alloy systems includes elements Which are 
completely soluble at some elevated temperature in the solid 
state but which, in some range of concentration, change structures 
at lower temperatures. Frequently, the structural change does 
not involve any change in lattice type, which remains that of 
original solid solution. However, in this lattice, the two types of 
atoms do not remain randomly dispersed but occupy preferred 
lattice sites. For example, the face-centered cubic lattice con- 
tains four atoms per unit cell, one corner atom (eight unit cells 
share the atom at each of the eight corners per cell) and three 
face-centered atoms (each of the six face-centered atoms is 
shared by two cells). In a random solid solution, the four atoms 
in each cell may be of either solute or solvent elements, but at a 
concentration of three atoms of element A to one of element B 
(e.g., 75 atomic per cent Cu and 25 atomic per cent Au), 
three atoms of type A may, at some temperature, occupy the 
face-centered positions and the one atom of B may occupy the 
corner positions of each unit cube. This lattice is no longer a 
simple solid solution but is called an ordered solid solution. 
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Since ordering is strongest at simple atomic ratios and usually 
results in marked abnormalities of properties, usually an increase 
of electrical conductivity, of strength and a loss of ductility, ^ 
ordered structures are sometimes thought of as intermetallic com- 
pounds and their development considered to be a change in phase. 
The present tendency, however, is to use the specific descriptive 
term ordered structure or sometimes superlattice and to show the 
effect on phase diagrams by dotted lines, since a strict definition 
of the word phase does not require ordering to be a phase change. 
Systems which are completely soluble at elevated temperatures 
(below the solidus) but which show, at some concentration, 
either true phase changes or ordered structures include: 

Fe-Cr, Fe-Mn, Fe-Ni, Fe-Co, Fe-V, Fe-Pt (solution range is 
either body-centered cubic or face-centered cubic, depending on 
the solute element). 

Au-Ni, Au-Gu, Au-Pt, Pt-Cu (face-centered cubic). 

ENGmEERING APPLICATIONS 

The electropotential values for copper-nickel alloys, shown in 
Table. VI, are -the basis of a particularly interesting illustration of 
a compromise in properties that results in an alloy of specific 
industrial use. The data are not true self-potential values but 
actually represent, at each alloy concentration, the millivoltage 
difference, measured in an aerated 3 per cent sodium chloride 
solution, between a large clean sheet and a small sheet in contact 
with its products of corrosion.^ The plot of potential vs. per- 
centage of nickel gives a curve that passes through a zero value at 
a concentration near 70 per cent copper and 30 per cent nickel. 
Similarly, if a series of copper-nickel alloys were suspended in 
sea water near a harbor, and if the change in weight were deter- 
mined and plotted against nickel concentration, it would be found 
thM the copper-rich alloy lost weight through general corrosion, 
while the nickel-rich alloys had gained weight, by barnacle 
growth on the metal. Again, the 70:30 composition would show 
approximately no change in weight. The problem, like most 
corrosion effects, is quite complex but, stated in the simplest 
manner, may be explained in terms of the copper ion concentration 
required to prevent barnacle growth. The high-copper alloys 

1 Nix and Shockley, ^‘Reviews of Modern Physics,” 10, 1938, p. 1, 

2 Research Laboratory, International Nickel Co. 
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6. What was the composition of United States nickel coins (up to January, 
1942) ? What reasons might be given for the choice of this alloy? 

6. Name some of the reasons for adding nickel to copper. 

7. How do the tensile strength, hardness, and percentage of elongation of 
the 30 per cent nickel alloy change with increasing degrees of cold-working? 

8. Sketch the comparative hystersis loops of soft and hard magnetic 
materials. 
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CHAPTER V 


EUTECTIC ALLOYS : LEAD-ANTIMONY SYSTEM: 

BEARING METALS 

Tnere are at least two requirements that must be met for an 
alloy system to show complete solid solubility; (1) the two metals 
must have atomic lattices of the same type, e.g., both should be 
face-centered cubic or body-centered cubic; and (2) the two atoms 
must be of nearly the same size. In the copper-nickel and gold- 
silver solutions, copper and nickel atoms differ in size by less than 
3 per cent; gold and silver atoms differ by less than 1 per cent; 
and all four of these metals have face-centered cubic lattices. 
If the component metals of an alloy system do not meet the 
requirement of similar lattice types, complete liquid solubility 
is, of course, possible, but the alloy system must show two solid 
phases. These frequently originate in a reaction known as an 
eutectic. The alloys chosen here to demonstrate structures 
resulting from this reaction are composed of lead, with a face- 
centered cubic lattice, and antimony, which has a complicated 
hexagonal structure. 


PHASE DIAGRAM 

The a phase, at the left end of the horizontal line of Fig. 5, 
represents solid lead with about 3.5 per cent antimony in solid 
solution. This solubility decreases with temperature, as shown 
by the course of the left-hand line (solid solubility or solvus line) 
which drops steeply with temperature and also veers to the left, 
indicating a solubility limit at room temperature of 0.3 per cent 
antimony. Under equilibrium conditions, an alloy of lead with 
2 per cent antimony will solidify as a solid solution (see copper- 
nickel alloys, Chap. IV) which is stable until the temperature 
falls to about 220°C. Upon further cooling, the alloy crosses the 
solvus line and enters a two-phase field with a resultant formation 
of a(sb) crystals in the solid acpb) phase (see generalization 3 on 
page 48). The change from a one-phase solid to a two-phase 
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structure on cooling, as related to this type of solvus line, is 
essential for age-hardening (discussed in more detail in Chap. VI). 
Under equilibrium conditions, then, this 2 per cent antimony 
alloy would show a two-phase structure at room temperatures 
hut no eutectic. 

Means of determining the liquidus lines of a phase diagram by 
thermal analyses of slowly cooled liquid alloys, and of determining 
the solidus lines by reheating homogeneous solid solutions, have 
already been described. The temperature-concentration course 
of the solvus line cannot be determined by thermal analyses, since 
only a small amount of heat is liberated by the separation of a 
minute amount of a second phase, and the separation is very slow 
and subject to undercooling, requiring as it does diffusion of 
solute atoms through the solvent lattice to nuclei of the new 
phase. The solubility relationship may be determined micro- 
graphically by heating alloys of several concentrations at specific 
temperatures for long periods of time (in some cases, for weeks), 
quenching the specimen, and examining the structure for evidence 
of the presence of a second phase. If the change of solvent lattice 
parameter with solute concentration (page 57) is first measured 
(by X-ray diffraction), then, by reheating a saturated alloy at 
several temperatures in the two-phase field until equilibrium is 
attained, quenching, and measuring the lattice size of the solvent, 
the solute concentration at each temperature may be obtained. 
Finally, since electrical resistivity is strongly affected by an ele- 
ment in solid solution and only slightly by an element present 
as a disperse, second phase, resistivity measurements may be 
employed for solid-solubility determinations. The course of the 
solvus line, based on data from any of these methods, may be 
checked by the log (solubility) vs. reciprocal of the temperature plot 
described on page 75: 

The QifSb) phase, at the right end of the horizontal line, repre- 
sents solid antimony with some lead in solution. (It is called an 
a phase since the convention has been adopted, here, of calling all 
terminal solid solutions alpha.) ’ The actual value of this solubility 
is not definitely known and is of no commercial importance since 
antimony, and thus the aj(sb) phase, is relatively weak and brittle. 

Along the horizontal line at 251°C.,i three phases may exist in 
equilibriiun and, in accordance with Gibbses phase rule, three 

iPeilini and Rhines, Metak Technology (A.I,MT.), September, 1942. 
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phases can exist in a binary system only at a constant tempera- 
ture. This situation is best represented by the reversible 
reaction : 

Liquid(ph^i2%sh) ^ (3.5%s&) “h Q:(sb) (3%p&) + heat 

The reaction proceeds to the right upon cooling, releasing the heat 
of crystallization of the ^(Pb) and a:(Sb; phases, and, under equilib- 
rium conditions, solidification takes place at a constant tempera- 
ture, 251°C. (For many years, eutectics were thought to be 



definite chemical compounds since they froze at a constant 
temperature and exhibited fixed concentrations, i.e., in this case, 
Pb + 12 per cent Sb.) On heating, the reaction goes to the left, 
absorbing the heat of crystallization of a:(Pb) ^nd Q;(sb) phases and 
forming the liquid phase containing 12 per cent of antimony. 
Since the eutectic alloy (12 per cent Sb) melts at a constant tem- 
perature, the Greek word eutectic meaning ^Svelhmelting’^ has 
come into use to describe this type of reaction or phase change. 
It has been logical, then, to apply the Greek prefix hypo, meaning 
'4ess than,^’ to alloys having less than the eutectic concentration 
of an alloying element and more than the solid-solution limit 
(here, 3.5 to 12 per cent Sb), and to use the prefix hyper, meaning 
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'^more than/' to alloys to the right of the eutectic (here, 12 to 
about 97 per cent Sb). 

Under equilibrium conditions, hypoeutectic alloys solidify 
from the liquid state as follows: (1) On reaching the liquidus, 
nuclei of primary crystals of a:(Pb) form, having the composition 
given by rule 3 on page 49; (2) cooling through the + liquid 
field results in growth of the primary dendrites of a(Pb) while their 
composition changes with temperature, as shown by the solidus 
line; and, at the same time, the formation of a lead-rich phase 
causes the residual liquid to become enriched in antimony, so that 
its composition changes along the liquidus line; (3) at 251°C., 
primary a:(Pb) crystals and liquid exist in the ratio given by the 
lever rule; the eutectic liquid freezes, forming oi^pb) and a^sb) 
phases in a rather fine mechanical dispersion. The dispersion is 
called mechanical since there is no continuous atomic conformity 
nor necessarily any relationship between atoms of the two phases 
at their interfaces or planes of contact. 

Under nonequilibrium conditions, freezing begins not at the 
liquidus line but at a temperature a few degrees under it (super- 
cooling). The average composition of the primary crystals does 
not lie on the equilibrium solidus but on a metastable'' solidus 
(see page 48) and, consequently, the percentage of liquid at 251°C. 
mil be somewhat greater than that shown by the diagram. The 
low concentration of alloying element in the primary dendrites 
requires a metastable, leftward prolongation of the eutectic 
horizontal to intersect the metastable solidus. As a result, an 
alloy containing only 1.5 per cent antimony, which should show 
no eutectic structure, usually will do so when solidified at rates 
encountered in normal castings. The eutectic freezing may be 
delayed by undercooling as well as the crystallization of the 
primary crystals; if one phase of the eutectic undercools more 
than the other, there can be a displacement of the eutectic con- 
centration as well as temperature (see aluminum-silicon alloys. 
Chap. VI). 

Undercooling of the eutectic liquid has a dual effect. Ther- 
mally, it causes the eutectic reaction to occur at a temperature of 
several degrees (perhaps 5 to 30°C.) under that shown by the 
equilibrium diagram. Structurally, it causes a refinement of 
the particle size of the phases participating in the reaction, in the 
same way as solid-solution dendrites (page 51) are refined by 
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chill-casting. When Q:(pb) containing 3.5 per cent of antimony 
and a &h) containing about 97 per cent of antimony form from a 
homogeneous liquid, there must be a counterdiffusion of the two 
kinds of atoms in the liquid to each nucleus of the two phases. 
The rate of solidification when the liquid is suddenly chilled does 
not permit much time for even relatively rapid liquid diffusion 
and, simultaneously, there is a very great increase in nucleation 
points for the reaction. Both factors operate to change the size 
of crystallites in the eutectic. 

MICROSTRtrCTURES (PLATE V) 

All Etched with 25 Per Cent HNO 3 Solution 

Plate V, Fig. 1 . Pb H- 6 per cent Sb; X50. This is a typical 
hypoeutectic structure consisting of primary dendrites 

(black), plus an interdendritic filling of eutectic. The white 
particles are a(Sb) crystals which, together with the black a(Pb) in 
which they are embedded, comprise the two-phase structure. 
There is a difference in appearance of primary ^(Pb) and the eutec- 
tic a^pb), but both form a continuous plastic structure. 

Plate V, Fig. 2 . Pb + 12 per cent Sb; X50. At this con- 
centration, the structure is completely eutectiferous with white 
brittle crystallites of a^-sb) dispersed in a continuous matrix of 
plastic a(i>b). Differently oriented “colonies’’ of Q:(Sb) particles 
indicate different starting points for the eutectic reaction. 

Plate V, Fig. 3. Pb + 12 per cent Sb; X500. The eutectic 
structure in detail. 

Plate V, Fig. 4. Pb + 20 per cent Sb; X50. The hyper- 
eutectic structure shows primary o'(Sb) crystals in a eutectic 
matrix. The primary a^sb) crystals are angular rather than 
rounded like primary a(Pb), presumably because of lower surface- 
tension forces. Note the clear-cut distinction in appearance, not 
in structure or composition, between the primary and the eutec- 
tiferous crystallites of antimony. 

Plate V, Pig. 5. Pb + 50 per cent Sb; X50. This hyper- 
eutectic alloy contains more of the primary a(Sb) crystals in a 
eutectic matrix. Note that the primary crystals, although char- 
acteristically sharply angular, now show a distinctly dendritic 
pattern or arrangement. 

Plate V, Fig. 6 . Hard Babbitt of 84 per cent Sn, 7 per cent Cu, 
9 per cent Sb; X50. This hypereutectic ternary (three-compo- 
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nent) alloy shows primary clusters of CuSix (an intermetallic 
compound) crystals, arranged in a star-shaped dendritic pattern, 
and large rectangular , crystals of primary SnSb compound in a 
ductile ternary eutectic consisting of these compounds and a 
tin-rich solid solution. The CuSn compound has a higher freez- 
ing point than the SnSb, since it seems to exist inside the latter 
phase; i.e., during solidification, the SnSb formed on some of the 
CuSn crystals already present. 

PROPERTIES 

The properties of a series of alloys across a eutectic horizontal 
will naturally be a function of the two solid phases present. In 
the lead-antimony system, and in a majority of all commercially 
important eutectiferous alloys, one phase is relatively weak and 
plastic, the other, relatively hard and brittle. As the antimony 
content is increased from 3 to about 97 per cent, the proportionate 
amount of o'(Sb) crystallites increases linearly, but the strength 
does not increase in the same way because of the difference in 
dispersion or size of the antimony solid-solution crystals, depend- 
ing on whether they are primary or eutectiferous. There is a 
rapid rate of increase in strength from 3 to 12 per cent, and a 
diminution from 12 to 97 per cent antimony. In the former 
range, fine, eutectiferous crystallites of ctrsb) are increasing in 
amount while in the latter range, the amount of small particles (or 
the amount of eutectic) is decreasing, with a corresponding 
increase in the number and size of large primary crystallites of 
antimony. The result is an inflection at the eutectic point in the 
plot of any mechanical property against alloy concentration 
across a eutectic series; in fact, it may not only be an inflection but 
a maximum, particularly of strength (the strength of cast Pb-Sb 
alloys, from 0 to 16 per cent Sb, is reproduced graphically in 
Fig. 7, page 88). 

Examination of the microstructures shows that in all hypo- and 
hypereutectic alloys, the eutectic structure is continuous, as 
would be expected since, during freezing, eutectic liquid surrounds 
the primary dendrites. If in the eutectic structure the plastic 
phase is continuous, as in the lead, 12 per cent antimony alloy, 
then the entire series of alloys must have some plasticity. If, on 
the other hand, the brittle phase is continuous (see aluminum- 
copper alloys. Chap. VI), the entire series will be brittle. It 
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seems to be generally true that if one phase is present in a con- 
siderably greater proportion in the eutectic, that phase will be 
continuous in the duplex structure. Thus, if the eutectic con- 
centration is much closer to that of a plastic phase, the eutectic 
generally will be plastic, and vice versa. 

In addition to these considerations, an increase in cooling rates 
during solidification generally will result in smaller primary 
dendrites, a finer particle size (and perhaps different shape) in the 
eutectic, and perhaps a greater amount of eutectic. These fac- 
tors may influence mechanical properties of eutectic alloys to a 
very considerable degree. 

ENGINEERING APPLICATIONS 

The familiar lead sheath used to protect the paper- wound con- 
ductors in telephone cables is strengthened by the presence of 
1 per cent of antimony in the highly disperse form resulting from 
aging, after air-quenching from the extrusion temperature (see 
aging, page 76). Pure lead has a tensile strength of approxi- 
mately 2,000 p.s.i. but the age-hardened 3 per cent antimony 
alloy may reach a strength of 10,000 p.s.i. Data showing the 
remarkable effect of calcium in hardening lead by this same 
method are given in the Metals Handbook.^^ 

Specifications for bearing metals are based mainly upon com- 
position, with compressive strength and hardness appearing as 
physical properties of particular importance in selecting the mate- 
rial. Unfortunately, no accepted short-time tests indicating the 
comparative value of bearing metals are available, and experience 
in connection with structural* characteristics and strength proper- 
ties must guide such selection. The well-known types of bearing 
metals are discussed in the ^'Metals Handbook.^^ A.S.T.M. 
Specifications B23-26 cover the entire range of white-metal bear- 
ing allo^^s from high-tin to high-lead mixtures. Most of these 
alloys are eutectiferous, although they frequently contain three or 
more component metals. 

Lead-base bearing metals may be hardened by metals other 
than tin, antimony, or copper, according to the references cited. 

Oilless’’ and graphite bronze bearings may be made from cop- 
per-zinc-antimony-lead alloy strips with rolled-in indentations 
filled under pressure with graphite paste. Another type is made 
of powdered oxides of copper, tin, zinc, and lead mixed with 
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graphite, pressed, sintered, and partially reduced to a porous ma.ss 
which absorbs oil by capillary attraction. This must be sup- 
ported by a housing and is best shaped by grinding. 

QUESTIONS 

1. {a) Draw cooling curves for the four lead-antimony alloys whose 
structures are shown in micrographs 1, 2, 3, and 4. The significant tem- 
peratures should be properly correlated with the phase diagram (Fig. 5, 
page 65). 

(5) Calculate the percentages of the structure elements primary 
o'(Pb)? a(Sb)j or eutectic) present in each of these alloys. 

2 . What structural conditions are generally found in alloys for bearing 
metal service? 

3 . Name the common metals usually found in bearing alloys. 

4 . Distinguish between the “white metal” bearing alloys and the 
“bronzes” and between hard and soft Babbitt metal, on the basis of alloy 
composition and one significant property. 

5 . What is “type metal” and in what way is it similar to Babbitt metal? 

6. What is Woods metal? Why does it have such a low melting point? 

7 . Tabulate the melting points of the pure metals, bismuth, cadmium, 
lead, and tin; also the compositions and melting points of their binary, 
ternary, and quaternary eutectics (“Metals Handbook,” Low-melting 
Alloys). 
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CHAPTER VI 


AGE-HARDENING: 

CAST AND WROUGHT ALUMINUM ALLOYS 

None of the industrially important aluminum alloys is strictly 
binary since the base metal, as commercially produced, always 
contains about 0.3 per cent each of copper, iron, and silicon. The 
iron and silicon usually combine with aluminum to form an inter- 
metaUic compound which is almost completely insoluble in solid 
aluminum and thus always visible in the microstructure (see 
Plate II, Fig. 6, page 16). The impurity compound not only 
complicates the appearance of the alloy microstructures but, since 
it forms a low melting eutectic with aluminum, the presence of 
iron and silicon affects melting point and heat treatment tempera- 
tures. However, the binary diagrams remain useful in discussing 
the general structural and property characteristics of most of 
these alloys. 


PHASE DIAGRAMS 

The aluminum-copper system diagram from 0 to 54 per cent 
copper, as reproduced in Fig. 6 (page 73), differs from the lead- 
antimony diagram (page 65) in only two essential respects: the 
eutectic contains more than 50 per cent of the right-hand phase, 
and this phase is not a terminal solid solution but an intermediate 
alloy structure 0, which is hard, brittle, and of a narrow range of 
-compositions approximating that of the intermetallic compound 
CuAla, ^.c., a structure containing one atom of copper for every 
two atoms of aluminum, (The binding forces in intermetallic 
compounds differ from those holding chemical compounds in a 
specific crystal form. In salts, such as NaCl, the binding force 
arises from ionic or electrostatic fields resulting from exchanges of 
valency electrons. In intermetallic compounds, ordinary valency 
rules do not determine the atomic ratios.) The aluminum ends 
of the Al-Mg, Al-Ni, Al-Mn, and Al-Fe systems are like the 
aluminum-copper in showing eutectics between an aluminum 
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solid solution and an intermediate limited solid-solution phase or 
intermetallic compound, while the aluminum-silicon eutectic is 
between the two terminal solid solutions. All of these alloys 
show the same constitutional features that were discussed in 
detail in Chap. V (Pb-Sb alloys). In all except the aluminum- 
iron system, the solubility of the second phase in the a'tAi) solid 
solution is distinctly greater at the eutectic temperature than at 
room temperature, and, in the aluminum-copper and aluminum- 



Fig. 6. — Phase diagram of the aluminum-copper alloy system, from 0 to 54 per 

cent copper. 

magnesium systems, this feature is utilized to obtain high-strength 
alloys by a controlled dispersion of the second phase. 

The extent of solid solubility of one element in another was 
stated on page 63 to depend on the relative types of lattices and 
atomic sizes of the solute and solvent metals. Atomic sizes are 
not fixed quantities; a large atom, randomly dispersed at lattice 
points of a solvent metal having a smaller atom, must contract 
somewhat to fit in the solvent lattice which, simultaneously, 
necessarily is expanded (Vegard's law, page 57). Contrariwise, a 
smaller atom may be enlarged if present in solid solution with a 
larger atom whose lattice is thereby contracted. The difference 
in sizes of solute and solvent atoms (measured when present in 
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their own form) is an important factor in determining the extent 
of solubihty that may exist. If the two atoms differ by more 
than 15 per cent, extensive solid solutions are not usually found, 
although Table VII shows that the converse of this statement is 
not always true (for example, see titanium). 


Table VII. — Atom-size Factor in Aluminum-base Solid Solutions 


Solute 

Heaction and 

Maximum 

solubility 

Atomic 

Per cent 
atomic 
size dif- 
ference 

Ele- 

ment 

Lattice 

and tempera- 
ture, °C. 

Per cent 
by 

weight 

Atom, 
per cent 

size, * 

1 

A1 

Zti 

f.c.c. t' 

c.p. hex.J 

eutectic-380 

82. 

66. 

2.86 

2.75 

- 3.8 

Ag 

f.c.c. 

eutectic-558 

57. 

25. 

2.88 

+ 0.7 

Mg 

c.p. hex. 

eutectic-451 

14.9 

16.3 

3.19 

-fll.5 

Cu 

f.c.c. 

eutectic-548 

5.65 

2.48 

2.55 

-10.8 

Mn 

complex c. 

eutectic-659 

1.82 

0.90 

2.37 

-17.1 

Si 

diamond c. 

eutectic-577 

1.65 

1.59 

2.35 

-17.8 

Cr 

b.c.c. § 

||peritectic-661 

0.77 

0.40 

2.49 

-12.9 

Ti 

c.p. hex. 

peritectic-665 

0.28 

0.16 

2.93 

-h 2.4 

Zr 

1 c.p. hex. 

peritectic-661 

0.28 

0.08 

3.19 

+ 17.7 

Ni 

* f.c.c. 

eutectic-640 

0.05 

0.023 

2.48 

-13.3 

Be 

c.p. hex. 

eutectic-645 

0.05 

0.15 

2.25 

-22.7 

Fe 

b.c.c. 

eutectic-655 

• 0.02 

0.009 

2.48 

-13.3 

Co 

b.c.c. 

eutectic-657 

1 ■ 

0.02 

0.009 

2.50 

-12.6 


* From Hume-Rothery, “Structure of Metals and Alloys,” 
t f.c.c. — face-centered cubic. 
t c.p.hex. — close-packed hexagonal. 

§ b.c.c. — body-centered cubic. 

II The peritectic reaction is described on p. 99. 


It is quite evident that the lattice type and atomic size of the 
solute are not the only factors affecting the maximum solubilities. 
Generally, however, a high solid solubility appears to be favored 
either by a low eutectic temperature or by a favorable atomic-size 
ratio. The effect of a low eutectic temperature is shown by the 
close-packed hexagonal metals, zinc and magnesium, which have 
greater solubilities in face-centered cubic aluminum than face- 
centered cubic metals with a smaller atomic-size difference, silver 
and copper, respectively. 
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CORRELATION OF PHASE DIAGRAMS^ 

Since the phase diagrams of all alloy systems are based funda- 
mentally on physical chemistry, many attempts have been made 
to verify equilibrium data by physical chemical laws. Reference 
has been made to Gibbs’s phase rule (page 64) defining the num- 
ber of variables usually temperature and concentration, which 
can be altered in an alloy having a known number of component 
metals C without changing the number of phases P present; ignor- 
ing the gas phase, the relation is 

F^C-P+1 

A second equation, developed by LeChatelier, gives the relation 
between the concentration of an ideal solution (solid or liquid) 
and its temperature when the precipitating phase is of constant 
concentration (an element or compound) : 

Logarithm (solute concentration in solvent) 

constant 

7 7 r constant 

temperature 

According to this equation, all solid solubility curves for ideal 
solutions should become straight lines when the logarithm of the 
solubility is plotted against the reciprocal of the temperature 
(Kelvin or absolute scale). The solid solubility or solvus curves 
for most of the aluminum alloys of Table VII have been so plotted 
and, in almost all cases, show a linear relationship. Furthermore, 
by definition of terms, this equation is equally applicable to 
hypereutectic liquidus curves, as has been demonstrated, at least 
for many aluminum alloys. A third equation, which will not be 
reproduced here, has successfully established a relationship 
between the eutectic concentration, the solid solubility at the 
eutectic temperature, and the actual temperature of the eutectic 
for many of the systems listed in Table VII. Other correlations 
of an empirical nature have been discovered in the aluminum-base- 
alloy phase diagrams. For example, the logarithm of the lower- 
ing to the eutectic temperature seems to be linearly related to the 
solute concentration of the a solid solution at the eutectic tem- 
perature and, furthermore, both of these quantities are linearly 
related to the slope of the solid solubility curve. These and other 
relationships satisfactorily generalize the data on a series of alloy 
^ Fink and Fkechb, Trans, A.I.M.E., Ill, 304, 1934, 
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MICROSTRUCTtlRES (PLATE VI) 

A. Etched with 0.5 Per Cent HE; B. Additional 
Etch in 20 Per Cent H2SO4 at 70°C. 

Plate VI; Fig. 1. A1 + 13 per cent Si + about 0.8 per cent Ci 
and Fe as impurities (Alcoa 47); X75; A. This is a hypoeutectic 
structure showing a few primary dendrites of ^(ai) in a fine eutectic 
structure. Since the equilibrium eutectic composition is at 11.6 
per cent silicon, this alloy would normally be hypereutectic, but 
the addition of 0.25 per cent sodium, 15 min. before casting, sup- 
presses both the formation of primary silicon crystals and the 
eutectic reaction. The liquid cools until it reaches the tempera- 
ture of the metastaUe prolongation of the hypoeutectic liquidus to 
form a few primary o'(ai) dendrites after which the eutectic reac- 
tion starts. The undercooled eutectic liquid forms a very finely 
dispersed two-phase structure (at about 564®C. rather than the 
equilibrium temperature of 578*^0.). 

Plate VI, Fig. 2. Same alloy (13 per cent Si) at XI, 000; A. 
Dark gray particles, such as that marked A, are eutectiferous 
silicon crystallites; lighter gray needles, marked jB, are an 
aluminum-iron-silicon compound originating from the iron 
impurity. Note that the a aluminum phase is continuous, as pre- 
dictable from the approximate relative proportions of q'(ai) (87 
per cent) and silicon (13 per cent) in the eutectic. 

Plate VI, Fig: 3. A1 -f 8 per cent Cu + about 1 to IJ-^ per 
cent Fe and Si as impurities (Alcoa 12); X50; AB. This is a 
hypoeutectic structure consisting of cored primary a^Ai) dendrites 
(the dendritic characteristic is not very evident) surrounded by 
the eutectic of ^(ai) and 6 (or CuAh). 

Plate VI, Fig. 4. Same alloy (8 per cent Cu) at X 1,000; AB. 
A greatly magnified view of the a^Ai) and d^ouAh) eutectic shows 
that the brittle 6 phase is continuous, probably because this 
eutectic consists of 58 per cent 6 and 42 per cent q!(ai) (proportions 
calculated on a weight basis). The needles, extending through 
the eutectic (marked C), are an aluminum-copper-iron compound 
originating from the iron impurity. (Identification of all the 
common intermetallic phases found in aluminum alloys is possible 
by using various etching solutions, as specified in the ''Metals 
Handbook.’’) 
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Plate VI, Fig. 5. A1 + 4^^ per cent Cu with controlled'impnri- 
ties (1 to \]4, per cent) of Fe and Si (Alcoa 195) ; X75; AB. The 
as-cast structure reproduced here shows cored dendrites of a(A,) 
surrounded by the a^u) + 6 eutectic and a eutectic structure of 
q:(ai) and aluminum-iron-silicon compound {E) originating from 
the impurities. Although the copper content of this alloy lies to 
the left of the o!(ai) + ^ eutectic horizontal, some eutectic is found 
in .the cast stimeture because of the metastable position of the. 
solidus on rapid cooling of the casting (page 48). 

Plate VI, Fig. 6. Same alloy (4^ per cent Cu) at X 1,000 ; AB, 
The structural appearance of this particular aluminum-iron- 
silicon compound has led to use of the descrffitive name “Chinese 
script.” The 6 present does not appear to be a part of a eutectic 
structure since the ajAi) of the eutectic is not inside the d but out- 
side, in contact with and indistinguishable from the primary 
a(Ai). The d and aluminum-iron-silicon compound appear to be 
isomorphous since there is a continuity from one structure to the 
other with a gradation in the coloring or degree of attack by the 
etchant. 

Plate VI, Fig. 7. Same alloy (4^ per cent Cu) at X75; AB; 
structure after heat treatment (A.S.T.M. No. 3) as follows: 15 hr. 
at SIO’C. followed by a water quench; reheated 15 min. in high- 
pressure steam. This structure should be compared with that of 
Plate VI, Fig. 5; it is evident that the heat treatment at 510°C. 
has caused the CuAlz to dissolve in the afAi) matrix (thus the high- 
temperature treatment is called a solution anneal or solution heat 
treatment) . Quenching in water, after the high-temperature soak, 
prevented precipitation of the dissolved 6 upon cooling the alloy 
to temperatures at which two phases exist according to the 
diagram. Reheating this metastable or supersaturated solid 
solution has not caused particles of CuAl 2 to form in a size visible 
at this magnification. Particles of the aluminum-iron-silicon 
compound {E) are still present, since this phase has no measurable 
solubility in a(Ai) and remains unchanged through the heat 
treatment. 

Plate VI, Fig. 8. Same alloy (4)^ per cent Cu) at X500; 
etched vdth HCl, HNOg, and HF in water (Keller’s reagent); 
structure after heating to 575°C. and quenching. According to. 
the aluminum-copper phase diagram, when this alloy is heated 
above about 565°C., it is in a two-phase field, o:(ai) -p liquid, and 
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the liquid has an almost eutectic concentration pi copper. The 
liquid phase forms at the a(Ai) grain boundaries and, upon quench- 
ing, must solidify there, in large part as a eutectic which, in this 
system, is brittle. With a nearly continuous brittle structure 
enveloping each grain, the total structure is now weak and brittle. 
The etch used for this micrograph has brought out coring in the 
aluminum matrix, ix.j variations in the amount of dissolved 
copper. Although the binary aluminum-copper diagram shows 
the safe solution annealing temperature range to be 510 to 565''C., 
the presence of a eutectic network in the original casting of this 
alloy would set the upper limit at 545‘'C. More importantly, the 
presence of iron and silicon impurities means that a ternary or 
quaternary eutectic exists with a melting point of about 525°C., 
so that the safe heat-treatment temperature range is quite nar- 
row, 505 to 520°C. The lower limit is set by the necessity for 
dissolving all the copper in order to obtain optimum properties, 
while the upper limit is set by the melting point of any eutectic 
present in the structure. The iron impurity content not only 
affects the minimum “ burning temperatures of the heat-treated 
aluminum-copper alloys but also markedly affects the optimum 
properties attained since the presence of iron results in the forma- 
tion of an insoluble aluminum-copper-iron intermetallic com- 
pound (Plate VI, Fig. 4) and thus removes copper from an active 
participation in the aging process. High-purity aluminum- 
copper alloys may show very much better strengths than the 
commercial 195 alloy. 

Plate VI, Fig. 9. A1 -|- 4.2 per cent Cu, 0.5 per cent Mg, 0.5 
per cent Mn, about 0.5 per cent Fe and Si as impurities (Duralu- 
min or Alcoa 17S); X75,* AB. This structure represents that of 
the alloy in the as-extruded form, which means that it was hot- 
worked at a high temperature, probably in the a^Ai) solution field, 
and slowly cooled. The eutectic structure present in the original 
cast billet has been destroyed, and the insoluble constituents have! 
been broken up into stringers extending in the direction of extru-' 
sion,*i6., the black aluminum-iron-silicon impurity compound {E) 
and the clear, outlined particles of aluminum-manganese, 
aluminum-iron-manganese or aluminum-copper-iron-manganese 
compound (F)- Manganese is added to Duralumin chiefly 
because the resultant insoluble constituent acts to restrict grain 
growth in the matrix during the solution heat treatment. 
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The copper and magnesium are in solution during the hot-work- 
ing, but much of the copper has precipitated as the 6 phase during 
the subsequent slow cooling. The fine precipitate gives the back- 
ground a “ salt and pepper appearance at this low magnification. 

Plate VI, Fig, 10. Same (Duralumin) at X 1,000; AB. At 
this magnification most of the 6 precipitate, which formed at a 
relatively high temperature, is resolved, (6). The indistinct 
markings in the background are probably particles of 0 which 
formed last, as the alloy approached room temperature. 

Plate VI, Fig. 11. A1 + 4.4 per cent Cu, 1.5 per cent Mg, 0.6 
per cent Mn, and about 0.5 per cent Fe and Si as impurities (Super- 
Duralumin or 24ST) ; the alloy in sheet form was quenched from 
500°C. and aged at room temperature; X75; HCl, HNO3, and HF 
in water (Keller’s etch). The etch employed in this case differ- 
entially attacks the aged aluminum solid-solution matrix to show 
the typical, irregularly shaped grains of the structure on a section 
parallel to the rolling plane. Insoluble manganese^. and iron- 
silicon intermetallic compounds are again extended in the direc- 
tion of flow during hot-working. Only traces of copper or 
magnesium compounds are visible since they were almost com- 
pletely dissolved during the heat treatment and now cannot be 
seen in the extremely fine precipitated form characteristic of the 
aged alloy. 

Plate VI, Fig. 12. Same as Fig. 11 (24ST) at X500. At the 
higher magnification, the clear, white particles of residual CuAl 2 
are visible as well as the black and dark gray manganese and iron- 
silicon compounds. In addition, a series of small, dark particles 
along the grain boundaries are now resolved. They probably 
originated upon cooling the alloy somewhat too slowly from the 
solution treatment; i.e., by quenching in hot water. The hot- 
water quench diminishes distortion and quenching stresses, but 
the grain boundary precipitate (of 6 or CuAh) results in a suscepti- 
bility to intergranular corrosion. This may be avoided by coat- 
ing the alloy with pure aluminum (Alclad 24ST) . 

Plate VI, Fig. 13. Same alloy (24ST) in the Alclad form; the 
sheet was ‘carried through 900,000 cycles of stress (by bending) 
which attained a maximum intensity of about 18,200 p.s.i. at the 
surface; X500; 0.5 per cent HF etch. The bottom of the micro- 
graph shows the structure of the alloy core, and the upper % in. 
shows the structure of the aluminum coating. The line of 
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delineation between the core and originally pure aluminum layer 
is based on the absence of the insoluble constituents in the latter 
zone* However, some copper and magnesium have diffused from 
the core into the coating during the hot-rolling and solution heat 
treatment stages of processing of the sheet. Aluminum in the 
diffusion zone is harder and has polished cleanly. The outer zone 
of the coating is probably still pure aluminum and so soft that 
polishing abrasive has adhered to this part of the specimen, 
resulting in a ''dirty'' appearance. It is important so to control 
the hot-rolling and heat-treatment times and temperatures that 
copper and magnesium atoms are not permitted to diffuse to the 
surface, or the’ benefits (see page 93) of the aluminum coating 
will be lost. In this micrograph, the rounded, clear particles in 
the core may be residual CuAl 2 or 6, left undissolved when the 
solution treatment was shortened sufficiently to avoid alloy diffu- 
sion to the surface. 

The black lines, at approximately 45 deg. to the surface of the 
sheet, are shear cracks developed by repeated application of a 
stress with a maximum value far below the ordinary, axially deter- 
mined tensile strength (62,000 p.s.i.) or even yield strength 
(40,000 p.s.i.). These cracks would eventually cause the sheet to 
break if the stressing was repeated often enough (this difficulty is 
minimized by design, see page 93). Failures of this type are 
called fatigue failures but are popularly (and erroneously) known 
as failures resulting from crystallization of the metal, since it is not 
generally realized that metals are always crystalline. The 
deformation accompanying an ordinary tensile fracture destroys 
the crystalline appearance of the broken surface. However, 
when a fatigue crack has reduced the effective cross-sectional area 
of the metal sufficiently, the remainder of the section breaks 
suddenly, without any noticeable deformation, and thus fre- 
quently has a crystalline appearance. 

Plate VI, Fig. 14. A1 + 5 per cent Cu; alloy of pure materials 
(less than 0.05 per cent of Fe + Si); quenched from 540°C., 
reheated 30 min. at 200°C.; X 1,000; 0.5 per cent HF etch. The 
heat treatment given this alloy resulted in maximum hardness 
(see Table VIII, page 90) but there is no readily visible precipi- 
tate. The grain boundary has etched more deeply than it would 
in the as-quenched (from 540°C.) structure and there are a few 
markings within the grains, indicative of some change in the solid 
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solution. Special etches have revealed more positive indications 
of precipitation in equivalent structures, but this is representative 
of the structure shown by the usual micrographic technique. 

Plate VI, Fig. 15. A1 + 5 per cent Cu; X 1,000; A. A speci- 
men similar to Fig. 14 was quenched in cold water from a solution 
treatment at 540°C. and reheated 1 hr. at 250°C. Distortion 
from the cold-water quench caused a slight plastic deformation 
of the alloy matrix, and the subsequent aging treatment resulted 
in precipitation of the 6 phase, which occurred preferentially on 
the slip planes that were active in the plastic movement. Nuclea- 
tion of the precipitation (or more generally, of any solid phase 
change) occurs first at the least stable part of the matrix lattice, 
normally at grain boundaries but, in the case of prior or simul- 
taneous plastic deformation, at slip planes. Note that precipita- 
tion is not uniform in all grains (in slight deformations, plastic 
movement is not uniform in all crystals). Particles of the 
precipitated 6 are very fine and not clearly resolved here. 

Plate VI, Fig, 16. A1 + 5 per cent Cu; X 1,000; A. A speci- 
men similar to Fig. 14 was quenched from 540°C. and reheated 
1 hr. at 400®C. At this high aging temperature, the precipitated 
particles are very coarse and, partly as a result of their size and 
partly as a result of re-solution of 6 (1.5 per cent of copper is 
soluble at 400°C. and only 0.6 per cent at 250°C.), there are fewer 
particles. Upon close examination, some needles are visible and 
these, in the third dimension, would of course be plates. The 
plates show the genetic relationship between matrix and p recipi- 
tate lattice orientations, as mentioned in the previous section on 
theory of age-hardening. These visible plates, however, are 
tremendously larger than the ^'platelets” present at an early 
stage of aging. Notice the lineup of 6 particles along the a^Ai) 
grain boundary. 

Plate VI, Fig. 17. Same A1 + 5 per cent Cu alloy, quenched 
from 620^C. and reheated at 400®C.; X 1,000; 0.5 percent HF etch. 
The high-temperature treatment was well above the solidus 
temperature for this alloy (see Fig. 6, p. 73), and ^'burning” 
occurred. Not only did an eutectiferous liquid form at the grain 
boundary (the horizontal eutectic structure) , but a similar liquid 
formed in spherical globules within the grains, resulting in the 
circular eutectic “ rosettes shown above the boundary. Coring 
in the adjacent solid solution is revealed by the precipitate 
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adjacent to the boundary eutectic and the rosettes; the CuAl 2 was 
precipitated in these regions upon the subsequent reheating to 
400''C. The thin lines visible in parts of the structure are new 
grain boundaries, formed by recrystallization, at 400°C., of metal 
plastically deformed during the previous quench. 

HOT-SHORTNESS AND BURNING 

Any tensile stress applied to an alloy while it is in the two- 
phase, solid + liquidj condition will naturally cause the metal 
crystals to separate where there is no solid to solid contact. The 
stress may come from rolling, forging, or other form of hot-work, 
or it may originate in the contraction or shrinkage of a hollow 
casting about a strong core. In the latter case, the amount of 
liquid is critical, and Sachs and Van Horn show that with more 
than about 15 per cent present, the structure is sufficiently open 
for more liquid to flow or be sucked in from hotter portions (e.g., 
the riser) to fill any openings. This susceptibility to damage 
while at the high temperature of the a + liquid field is known as 
hot-shortness. 

The structure shown by Plate VI, Fig. 8, is commonly called a 
burnt structure; the word as here used does not signify an oxida- 
tion reaction but heating into a two-phase, solid + liquid, field 
during solution heat treatments or hot- working operations. 
Deformation within this temperature range, of course, will cause 
the alloy to crack and be ruined. If the alloy has a plastic 
eutectic, as in the aluminum-silicon alloys, the damage to the 
quenched metal (in the absence of deformation) is negligible. If 
the eutectic envelopes around the grains are brittle, as in the 
aluminum-copper alloys, both strength and ductility are seriously 
impaired. While the bad effects could largely be eliminated by a 
solution anneal, the time required to redissolve the eutectic is so 
long that it is not generally profitable commercially to do other 
than scrap the overheated alloy. 

PROPERTIES 

The properties of the eutectiferous alloys can be qualitatively 
evaluated on the basis of the proportionate amounts of primary 
crystals and eutectic. structure and the physical characteristics of 
the eutectic: ■ 
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The aluminum-silicon phase diagram has not been reproduced 
here since it is almost a duplicate of the lead-antimony diagram 
(Pig. 5) with regard to concentration limits of the plastic a phases 
(of Pb or Al), the brittle a phases (Sb or Si), and the eutectic 
composition; although the temperatures of liquidus, solidus, and 
eutectic lines are naturally higher. The normal aluminum- 
silicon eutectic temperature and composition are 578^0. and 11.6 



Fig. 7. — Strength properties across the hypoeutectic sections of the aluminum- 
copper, aluminum-silicon, and lead-antimony systems ; effect of modification on 
the strength and elongation of the aluminum-silicon alloys. 


per cent Si, respectively: However, chill-casting or a sodium 
treatment of the liquid alloy before casting may suppress the 
formation of primary silicon crystals in a normally hypereutectic 
structure, say of 14 per cent Si, and cause it to solidify as a 
eutectic alloy at 564°C. rather than at 578°C. In addition to 
shifting the eutectic composition and temperature, the chill- 
casting or sodium treatment, called modification^ notably refines 
the structure of the eutectic, particularly the sUieon crystallites. 
The effect of this on strength and elongation values of the alumi- 
num-silicon alloys is shown in Fig. 7; note the maximum of all 
properties at the eutectic concentration, about 11.6 per cent Si 
in the normal alloys and 14 per cent Si in the modified alloys. 
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All of the aluminum-silicon alloys show some ductihty since 
aluminum is the continuous phase in the eutectic. The superior 
ductility of the modified alloys is related to the shape as well as 
the size the eutectiferous silicon crystallites; in the normal 
alloys, they tend to be angular plates whose sharp edges act as 
internal notches in the structure, whereas this effect is nearly 
absent with the rounded silicon particles of the modified alloy 
(Plate VI, Fig. 2). 

The aluminum-copper system (Fig. 6, page 73) has a eutectic 
composition nearer the brittle 0 phase (CuAh) than the plastic 
a(Ai) phase, and thus the ^(ai) + 6 eutectic structure is inherently 
brittle. The effect of fairly rapid cooling in casting and the 
related position of the metastable solidus results in some eutectic 
in cast alloys with as little as 2 per cent copper present. Figure 7 
(page 88) shows that there is a moderate increase in strength and 
strong decrease in ductility (as shown by test elongation values) 
as the amount of copper in aluminum is increased. When the 
eutectic structure becomes continuous (Plate VI, Fig. 3; 8 per 
cent Cu) the strength is almost at a maximum and the ductility 
nearly zero. Further increases in the amount of eutectic have 
little effect on the strength properties, within the range of com- 
mercial alloys of aluminum and copper, .although the 12 per cent 
Cu alloy has greater hardness and wear resistance as a result of 
the increased amount of d present in the structure. 

Strength, ductility, and hardness properties of two-phase alloys 
are related to the size, number, distribution, and properties of the 
crystals of both phases. The effect of matrix grain size was 
discussed in Chap. Ill, of an added element in solid solution in 
Chap. IV, and of a relatively coarse dispersion of a second phase 
in Chap. V. Very fine dispersions cannot be obtained from the 
liquid state but can form in the solid by reason of the greater 
order of magnitude of nucleation in the latter case. The process 
involved has been discussed from the standpoint of the phase 
diagram under theory of age-hardening. Three structures have 
been shown, Plate VI, Figs. 14, 15, and 16, which should be 
examined with relation to the data of Table VIII. 

It is evident that, even when the precipitate is as fine as that 
shown in Plate VI, Fig. 15, the alloy has passed its point of maxi- 
mum hardness and would be in a condition known as “ overaged, 
while the coarse precipitate of Plate VI, Fig. 16, would represent a 
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electrolytic effect mentioned above, tends to protect the alloy, 
even at the edges of the sheet or at regions of cracks or other 
surface damage. 

ENGINEERING APPLICATIONS 

Most of the common metals can be improved by age-hardening. 
A partial list of important alloys of this type would include: 
Al-Mg, Al-Cu, Al-Cu-Mg-Si, Al-Mg-Si, Cu-Be, Cu-Cr-Si, 
Cu-Sn-Ni, Cu-Ni-Al (Cu-Co-Si experimental), Pb-Sb, Pb-Ca, 
Ag-Cu, Ni-Cu-Al, Ni-Cu-Si, Mg-Al, Mg-Al-Zn. Other cases of 
age-hardening include precious-metal dental alloys of Au-Ag-Cu 
(Zn) in which platinum or palladium may be substituted in part 
or in whole for the gold, although all alloys usually contain at 
least 50 atomic per cent of precious metal. In these alloys of soft 
elements, strengths up to 175,000 p.s.i. are attained, combined 
with good ductility. Copper with per cent beryllium may 
have its strength increased from 35,000 to 175,000 p.s.i. Iron 
with 20 per cent cobalt and 20 to 30 per cent tungsten, quenched 
from 1400°C. and reheated at 700°C., may have a hardness equal 
to that of high-speed steel and maintain that hardness at 700°C., a 
temperature which rapidly softens the high-speed steel. Finally, 
deep drawing steel containing small amounts of carbon, oxygen, 

. and nitrogen may be subject to age-hardening by any, or all 
three, of these elements. This is a case of an undesirable and 
unwanted aging effect. 

Commercially pure ingot aluminum (2S) is produced with 
approximately 1 per cent of impurities, chiefly iron and silicon, 
which are always present in commercial aluminum alloys. 
Alloys, in the Aluminum Company designations, have a numeral 
indicating the composition, a suffix S signifying wrought mate- 
rial, and another letter designating the temper: H for alloys 
hardenable only by cold work and 0, W, and T for heat-treatable 
wrought alloys, where these letters respectively signify: annealed, 
quenched from a solution treatment, and quenched and aged to 
maximum strength. 

Commercially pure aluminum (2S) and alloys 3S per cent 
Mn) and 4S (1 per cent Mg, per cent Mn) are hardenable only 
by cold- working, ranging from soft (SO)* to rather hard (SH). 
The alloys exhibit very good corrosion resistance. Typical prop- 
erties and applications are listed Si the Metals Handbook,'^ 
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The other wrought alloys are the feo-called strong alloys/^ 
containing copper and/or magnesium and silicon as hardening 
:agents, in which the optimum properties are developed by heat 
(treatment. These alloys show a range of strength of 48,000 to 
i 65,000 p.s.i. with about 20 per cent elongation in 2 im 

Alloy 17S (4 per cent Cu, 0.5 per cent Mn, 0.5 per cent Mg) ig 
the ordinary Duralumin, available in sheets, plates, tubing, bars^ 
.rods, wire, or shapes, and used extensively in the construction of 
motor coaches, trucks, and aircraft. The magnesium acts in 
some unknown way to facilitate the precipitation reaction at 
room temperatures in this alloy after quenching. The element 
is visible in cast duralumin as a. compound, Mg 2 Si, which later 
dissolves in the ej(Ai) phase although subsequent precipitation 
seems to involve the compound Mg 2 xM 3 . Manganese is present 
primarily to restrict grain growth during heat treatments. The 
silicon, present as an impurity in the primary aluminum, is also 
(essential to the development of the best properties in this alloy. 

Alloy 24S (4.4 per cent Cu, 1.5 per cent Mg, 0.5 per cent Mn) 

: resembles ordinary Duralumin except for the increased mag- 
nesium content. This alloy is considerably stronger than 17S but 
:is also more difficult to fabricate. Extruded and heat-treated 
:a--otinds have shown tensile strengths of as high as 80,000 p.s-.L 

Alloy''25S (4.5 per cent Cu, 0.8 per cent Mn) was developed as a 
'Strong ailoy that could be more readily forged than the Duralumin 
types. Not having any magnesium present, it must be aged at 
an elevated temperature after the solution heat treatment to 
develop optimum properties. 

Alloy 51S (0.8 per cent Mg, 1.0 per cent Si) is the nearest to 
pure aluminum in composition, corrosion resistance, and plas- 
ticity at high temperatures, and yet by a solution heat treatment 
(dissolving the compound Mg 2 Si) and subsequent aging, a 
strength of about 48,000 p.s.i. may be developed. At high tem- 
peratures, this alloy is soft enough to be forged into very intricate 
shapes. 

The Duralumin alloys, 17S and 24S, are available in the form of 
isheet with a surface coating of pure aluminum (Alclad) which 
represents about 10 per cent of the cross-sectional area (not count- 
ing the zone into which copper and magnesium have diffused, 
page 84). Alloy 24ST in the Alclad form is the basic alloy for 
aircraft structures. The aluminum coating prevents inter-- 
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crystalline corrosion, even when the alloy is quenched in hot 
water. The strength of the composite is only slightly decreased 
(by about 5 per cent) when loads are uniform across the section, as 
in direct tension. The strength is more seriously affected by 
bending stresses, particularly repeated loads such as may be 
encountered under vibratory conditions, in which the maximum 
stress comes at the weakest part of the structure, the aluminum 
surface, and may result in surface shear cracks (Plate VI, Fig. 13). 
Difficulties on this score, however, have been overcome by design, 
e.g., the use of channel sections in which the neutral axis is not at 
the center of the sheet and stresses are completely tensile or 
compressive across the section involved. 

Most of the east alloys are primarily^ copper or silicon alloys 
that are used without any heat treatment. The common alloy 
for general purposes is the No. 12 alloy, containing 8 per cent of 
copper. By control of iron and silicon impurities, the sand- 
casting characteristics may be improved as in the case of alloy 
No. 112 (7 per cent Cu, 1,7 per cent.Zn, 2.0 per cent Si, 1.2 pe^* 
cent Fe) and No. 212 (7.5 per cent Cu, 1 per cent Si, 1 per cent Fe). 

The high-silicon alloys, such as No. 47 or Silumin, have better 
casting characteristics and corrosion resistance than the copper 
alloys but should be modified, by sodium treatment or chill-cast- 
ing, to obtain a finer grain structure and better properties. The 
5 per cent silicon alloy. No. 43 or S.A.E. 35, requires no modifica- 
tion treatment and is widely used, particularly for making leak- 
proof sand castings with excellent corrosion resistance. 

The high-silicon alloy is being displaced in this country by 
sand-cast alloys which may be heat-treated to develop supei-ior 
mechanical properties, e.g,, No. 195. Another alloy which is 
more difficult to cast but which, upon proper heat treatment, 
develops the highest strength and hardness among the present 
casting alloys is No. 220 or S.A.E. 324, containing about 10 per 
cent magnesium. It is also the lightest available aluminum-base 
alloy. 

Ordinary automobile pistons are usually cast in permanent iron 
molds of alloy No. 122 (10 per cent Cu, 1 per cent Fe, 0.2 pej- cent 
Mg) or more rarely 142 (4 per cent Cu, 1.5 per cent Mg, 2 per cent 
Ni). These alloys may be heat-treated to develop maximum 
strength and hardness and then given a “ degrowthing ” heat 
treatment in which the metal is heated to slightly above its 
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operating temperature to insure a stabler precipitate and, there- 
fore, dimensional stability. 

A newer alloy, known as LO-EX or No. 132 (13 per cent Si, 1 
per cent Cu, 1 per cent Mg, 1.5 per cent Ni) is becoming predomi- 
nant for piston service. For airplane or Diesel motors, it may be 
produced in the more expensive wrought form (as 32S) to ensure 
optimum properties. It may be heat-treated to develop excellent 
strength and hardness values while retaining a low coefScient of 
expansion, -enabling closer piston fitting in motors. As is true of 
other high-silicon alloys, machining costs are high, and usually 
tungsten carbide tools are required. 

Aluminum-base die castings are primarily silicon or silicon- 
copper alloys such as No. 5 (Si, 12.5 per cent), which is resistant 
to salt-water corrosion and has a tensile strength of about 33,000 
p.s.i., or No. 81 (Cu 8 per cent. Si 1.5 per cent) of about the same 
strength, a cheap general-purpose alloy which has been used in 
the United States more than any other aluminum die-casting 
alloy and is generally known as No. 12 (the Stewart Die Casting 
Corporation's number). 

All aluminum alloys may be anodically treated to develop a 
hard, inert surface oxide coating. On pistons, the increased 
hardness reduces wear or scuffing. On architectural aluminum 
spandrels and other exposed surfaces, the oxide coating reduces 
staining and weathering. On die castings and drawn shapes, the 
rough oxide provides a base ensuring adherence of lacquers or 
other colored finishes. 


QUESTIONS 

1. List the common physical and mechanical properties of commercially 
pure aluminum. 

2. What is the basis of the corrosion resistance of aluminum and its alloys? 

3 . Give the approximate hardness and tensile properties of Duralumin 
(17S) as {a) annealed, (6) heat-treated and aged, (c) heat-treated, aged, and 
cold-rolled. 

4. What are the comparative advantages and disadvantages of aluminum 
copper and aluminum-silicon sand-casting alloys? 

6. What is Alclad? What is the basis for its use in aircraft? 

6. Compare the tensile strength, elongation, and impact strength of 
aluminum-base and zinc-base die castings. 

7. Plot the hardness data of Table VIII and choose the most desirable 
aging time and temperature for commercial practice. Justify your choice 
from the viewpoint of costs, properties, and ease of control. 
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CHAPTER Vn 

PHASE TRANSFORMATIONS: COPPER.-ZINC ALLOYS 


Copper-zinc alloys or brasses containing up to about 35 per cent 
zinc are one-phase solid solutions whose structural and property 
characteristics were described in Chaps. Ill and IV. The phase 
transformations occurring with temperature changes in brasses of 
higher zinc content are of industrial importance in their own right 
but, furthermore, introduce the subject of transformations in the 
solid state which are of fundamental significance in studies of the 
structural features of steels. Only the copper-zinc system will be 
treated directly, but the principles governing these alloys may be 
applied to structural studies of copper-tin bronzes or other copper- 
base alloys. 


PHASE DIAGRAM 

The solid solubility of zinc in copper follows a course opposite 
to that shown by age-hardening alloys; it increases with decreas- 
ing temperatures from 32,5 per cent at 905°C. to about 38 per cent 
at 453°C. (see Fig. 8). There is some recent, but inconclusive, 
evidence that it changes course and decreases below this tempera- 
ture, but since there is no evidence of age-hardening in 38 per cent 
zinc brasses after quenching from 450°C, (except in recovery’’ 
anneals of unstable, cold-worked alloys, see page 35), the solubil- 
ity limit has been indicated by a dashed line in the low-tempera- 
ture range. The line on the phase diagram showing this 
solubility limit as a function of temperature is approximately par- 
alleled by another line showing the solubility limit of a solid 
phase labeled above 453°C, and below this temperature. 
Between the uniform a solid solution and the /3 solid solution, 
there is a field of mixed a and /S phases. 

The horizontal line bisecting the a + /? field at 453°C. is dotted 
to indicate that it is not related to a true phase change and thus 
need not conform to the phase rule generalization (page 64) of 
three phases existing in equilibrium at constant temperature. At 
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solidus line where melting begins in the manner previously 
described as ^'burning/' Again, these changes are reversible 
under equilibrium conditions of cooling, or the nearest approach 
to that almost unattainable state. It is unattainable during a 
cooling cycle because the diagram requires that, under equilib- 
rium conditions, both the relative amounts of a and /? and, 
simultaneously, their composition (or zinc contents) shall change. 
This requirement means that zinc and copper atoms must travel 
continually through the lattice (in opposite directions); not 
merely at the boundaries of the two phases, but through each 
large crystallite in order to maintain homogeneity of the phases. 
The metastable position of the solidus line (page 48) encountered 
in the simple solid-solution diagram has already been described as 
originating from incomplete diffusion, or atomic interchange, 
between two elements in a single phase. In a similar manner, the 
boundaries of the a + S held are subject to displacement to the 
left under ordinary cooling conditions. Thus the 60:40 alloy, 
after cooling in air to room temperature, may show considerably 
more than the calculated 26 per cent of the /3' phase. In addition, 
an alloy of 67.5 per cent copper, 32.5 per cent zinc, which accord- 
ing to the diagram should show no jS', will probably contain some 
on air-cooling relatively small sections. 

Since normal cooling rates tend to result in metastable positions 
of the phase field boundaries of the diagram, very fast cooling 
rates, by preventing diffusion, may make them appear vertical; 
le,, the equilibrium structural condition for a high temperature 
may be at least partially preserved, by quenching, for observation 
at room temperature. 

An alloy of 62.5 per cent copper and 37.5 per cent zinc is of 
particular interest in that, under equilibrium conditions, it has a 
completely S structure at 900°C., and a uniform a structure 
below about bOC^C. Upon extremely slow cooling from 900°C., 
it will gradually transform to a on passing through the a + S 
field, and this transformation will be of a diffusion type, f.c., 
accompanied by continual changes in the zinc concentration of 
the a and /3 phases. On more rapid cooling to room temperature, 
there will be some residual /3 (or p') in a metastable condition, and 
the amount of will increase with increase in cooling rate. How- 
ever, an extremely drastic quench from 900®C. into an iced brine 
solution results in an entirely different structure. There is no 
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opportunity for the time-consuming diffusion type of a formation 
in the temperature range 900 to 500® C., but the unstability of ^ 
at the low temperature causes it to transform, at about — 14°C., 
to a face-centered structure similar to a but differing in that one 
edge of the cube is longer than the other two ; it is then called a 
face-centered tetragonal structure. The high-temperature /3 and 
the room-temperature a are of the same composition, and the 
change from body-centered cubic ^ to face-centered cubic a 
requires only a slight contraction of the lattice in two directions 
and an expansion in the third. If the dimensional readjustment 
is incomplete (because of lattice rigidity at low temperatures), the 
intermediate, unstable tetragonal lattice is found. 

The atomic adjustments required may be visualized by refer- 
ence to the sketch of Fig. 9 showing four unit body-centered cubic 
cells, i,e., four cells of the /3 structure, drawn in light lines. The 



Fig. 9. — Four unit cells of the body-centered cubic structure (/3) with specific 
atoms marked with black centers to indicate the structure might also be con- 
sidered as face-centered tetragonal. 

face diagonal of each cube on the top and bottom of the structure, 
with connecting vertical lines, will be found to outline a tetragonal 
structure where the length of the side of the base (face diagonal of 
the cube) is times the height of the tetragon. Furthermore, 
the body-centered atoms of each of the four p cubes may also be 
considered as centered in the four side faces of the tetragon, while 
the top and bottom shared corner atoms of the cubes may be 
considered as centered in the top and bottom faces of the tetragon 
(the atoms which make up the tetragonal structure are shown 
with black centers). Thus a body-centered cubic structure may 
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be considered as a face-centered tetragonal structure; it is merely 
customary to designate it by its more symmetrical form (see 
page 14). 

The diffusionless transformation of the 62.5:37.5 brass is of no 
commercial importance since the requirement of heating to 
within a few degrees of the melting point gives very coarse grains 
and the drastic quench required can only be attained in relatively 
thin metal sections. However, the structure and its origin are 
quite similar to the martensitic structure of steels (page 145) 
which is of paramount industrial importance. 

MICRO STRUCTURES (PLATE VII) 

Plate VII, Fig. 1. Extruded and air-cooled section of 60 per 
cent Cu, 40 per cent Zn alloy (Muntz metal); X50; FeCU etch 
(black phase is At the extrusion temperature, the alloy was 
completely and, upon deformation and' cooling, a (white) 
formed in the ^ structure, first at the /3 grain boundaries and then 
inside the /3 grains. The a. formation at the /3 boundaries indicates 
the size of the /S grains at the high temperature; parts of about six 
of the former p grains are visible. The a crystals, during initial 
formation in the /3 structure, must have their atoms in conformity 
with atoms of the /3 crystals. This is a general rule for the forma- 
tion of any new solid phase in a solid matrix of different crystal 
structure (c/. precipitation of ^(cuais) from a(,M) during age-hard en- 
ing, page 77). 

Usually, only one type of plane of the matrix and one type of 
plane of the new phase have atoms in a similar pattern when 
compared in a specific direction. For example. Fig. 9 shows that 
the base plane of the face-centered tetragon (cube plane when it 
shifts to face-centered cubic a) matches the cube plane of the 
body-centered cubic when the edge of the base of the tetragon is 
in the direction of the face diagonal of the body-centered cube. 
This conformity results in an alignment of the new phase, a, in 
only certain planar directions of the /S phase. Sometimes these 
planes are clearly outlined by the new phase, and the structure 
may then be said to show a Widmanstatten pattern as is evident 

1 The orientation of the lattice in a new phase, forming from a parent solid 
phase, is related crystallographically to the lattice of the parent phase. On 
a polished and etched surface, the traces of the plates, needles, or polyhedra 
of the new structure exhibit a geometrical pattern. Familiarly seen in cast 
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here to some extent. Frequently, later growth stages of the new 
phase may form an equiaxed shape which obscures its crystal- 
lographic relationship to the matrix. 

Plate VII, Fig. 2. The same Muntz metal quenched (in a 
J^-in. thick section) in water from 825°C.; X50; etched with 
NH 4 OH-H 2 O 2 so that a is dark and /S' light (colors reversed from 
previous specimen). At the high temperature, this structure was 
completely S (see phase diagram). The quench preserved most 
of the S but did not suppress completely the formation of a, 
particularly at the S grain boundaries. Note the directional 
character of the a forming as plates extending from the boundary 
into the jS' grains (a Widmanstatten characteristic). The rela- 
tionship is also shown by a few, very small, isolated platelets of 
a within the /3' grains. The /3 grain size is very coarse, as a result 
of grain growth in the single-phase range, 780° to 825°C. ; it was 
difficult to find sections showing as many as three grains for this 
micrograph. 

Plate VII, Fig. 3. Same specimen as above (quenched from 
825°) after reheating 1 hr. at 450°C.; X50; etched with FeCU 
(colors again reversed so that a is light and /3' dark). The 
unstable S' of the quenched alloy changed over to a upon heating 
in the low-temperature range, resulting in the attainment of 
approximately equilibrium proportions of the two phases. The 
initial platelets of a at the grain boundaries have grown further 
into the former S grains, and their shape, as plates, is still evident 
by the shape of residual S crystallites between the a plates. The 
very small plates or needles of a visible in Plate VII, Fig. 2, have 
grown in a similar manner so that the quenched and annealed 
structure resembles that of the extruded stock (Plate VII, Fig. 1). 

Plate VII, Fig. 4. A different 60:40 Cu-Zn alloy quenched 
from 825°C. and reheated at 500°C.; X200, FeCls etch. This 
structure differs from Plate VII, Fig. 3, in that while a crystals 
initially grew in a needlelike structure from the S grain bound- 
aries, at a later stage, the a. formed in more or less equiaxed 
shapes and the residual S' crystallites do not show any crystallo- 
graphic pattern or relationship of origin. This is frequently 
although not universally true: that the new phase formed at a 


steel or overheated wrought steel but a possibility in any alloy subject to 3. 
phase change in the solid state. (“Metals Handbook.’’) 
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high temperature under equilibrium cooling conditions will show 
a crystallographic pattern while that formed by annealing a 
quenched metastable structure is equiaxed (c/. carbide structures 
from various heat treatment of steels, page 163). Almost always, 
however, it is fairly easy to distinguish between structures formed 
at high or low temperatures. Note the twin bands, faintly 
visible, in the a crystals of this structure, formed as a result of 
strain accompanying the transformation. 

Plate VII, Fig. 5. Worked and. annealed 65 per cent Cu, 35 
per cent Zn alloy (common high brass) quenched from 825°C.; 
X50; ammonium persulphate etch. As ordinarily worked and 
annealed, this brass will have a uniform a structure showing 
annealing twins and a grain size characteristic of the specific 
rolling and annealing schedule. However, upon heating to 
825®C., it enters the a + /? field (see phase diagram). The new 
phase, |S, forms predominantly at the a grain boundaries and, to a 
somewhat lesser extent, within the a grains. That foi’ming 
inside the grains shows the crystallographic relationship required 
of 13 forming in a; the /S is in lens-shaped plates on specific crystal 
planes of the a. Quenching from the high temperature has 
preserved most of the /3 as |S'. 

Plate VII, Fig. 6. A cast 65:35 brass quenched from 825°C.; 
X50; ammonia peroxide etch. The very coarse-grained cast 
structure shows no twins, but the Widmanstatten pattern of 
platelets in two grains of a. is beautifully illustrated. 

PROPERTIES 

The mechanical properties of brass specimens with the micro- 
structures shown here can be qualitatively estimated on the basis 
that a is rather soft and plastic, particularly when moderately 
coarse grained, that iS' is a rather hard and brittle phase, and that 
the continuous phase will have an effect out of proportion to the 
relative amount present. Instead of discussing properties of the 
individual specimens, data pertaining to corresponding structures 
are reproduced in Table IX, as typical of the properties developed 
upon heat treatment of small sections. 

Annealing the 60:40 brass at low temperatures following the 
825°C. quench results in an increase in hardness. At first it 
might seem anomalous for this alloy to become harder as the 
amount of the soft a phase increases. However, when the ol 
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Table IX 


Heat treatment 

60 ; 40 Brass 
(arsenical) 

65:35 Brass 

Rockwell E 
hardness 

H in-. 

100 kg. 

Rock- 
well E 

Tensile 

strength 

Per cent 
elonga- 
tion in 

2 in. 

Quenched 650° (10 min.) 

76 

32 

44,000 

64 

Quenched 700 (10 min.) 

83 

27 

43,000 

67 

Quenched 760 (10 min.) 

86 

23 

42,000 

70 

Quenched 825 (10 min.) 

93 

40 

50,000 

52 

Quenched 825° + 250° (60 min.) 

106 

38 

: 49,000 

58 

Quenched 825 -h 325 (60 min.) 

100 

34 

47,000 

62 

Quenched 825 + 40Q (60 min.) 

93 

30 

45,000 

65 

Quenched 825 + 450 (60 min.) 

85 

27 

44,000 

67 

Quenched 825 + 500 (60 min.) 

79 

24 

43,000 

69 

1 


forms at very low temperatures in a very disperse form, it causes 
precipitation hardening of the jS' matrix. There is a continual 
decrease in hardness as the a particles increase in size. Low- 
temperature annealing of the 65:35 brass, quenched from 825°C., 
is accompanied by a gradual decrease in the amount of jS' although 
minute amounts are still present after the 500°C. anneal. The 
properties change more rapidly than the change in the amount of 

present because these anneals first tend to interrupt the con- 
tinuity of the ^ network (cf. Plate VII, Fig. 5) while longer times 
or higher temperatures are required to eliminate completely the 
disperse particles. 

ENGINEERING APPLICATIONS 

Although face-centered cubic a brass is considerably softer and 
more plastic than the ordered body-centered 13' at temperatures 
up to about 450°C., at very high temperatures, the structure is 
much more plastic than the a and is, therefore, preferred for hot- 
working. If up to 3 per cent lead is added for machinability, it is 
present as insoluble globules and, presumably, as a result of the 
change of crystal structure of the 60 : 40 brass with temperature, 
the lead does not impair hot-working properties. In a brass, how- 
ever, as little as about 0.04 per cent lead will make the metal hot- 
short since it is present as an intercrystalline film in the cast billet. 
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The many other alloys of copper cannot be discussed in detail 
but, for binary alloys at least, the phase diagrams and property 
data in the “Metals Handbook,^' together with a knowledge of 
the metallurgical principles covered in this and preceding sections, 
make it possible to visualize probable structures and the effect of 
variations in casting, working, and heat treatment on mechanical 
properties. 

Brass screws and various small fittings machined from rod in 
high-speed automatic machines are usually of Muntz metal 
(60:40) containing several per cent of lead. For hot forgings, a 
similar alloy is employed although the lead content will be some- 
what lower and the copper content a little higher — chiefly to 
ensure better ductility at room temperatures while retaining 
hot-working properties and machinability. If higher strength is 
desired, Muntz metal is alloyed with 1 per cent tin (Naval brass). 
The regular hot-forging grade may show 45,000 p.s.i. tensile 
strength, 18,000 p.s.i, yield strength, and 25 per cent elongation, 
while the Naval brass will run about 54,000 p.s.i. tensile, 22,000 
p.s.i. yield strength, and 25 per cent elongation. 

For still higher strength in brass mill products, a 10 per cent 
aluminum bronze or the newer silicon bronzes are available. The 
aluminum bronze may be quenched from an elevated temperature 
and reheated at a low temperature, with an accompanying change 
of properties as follows: tensile strength increased from 65,000 to 
80,000 p.s.i., yield strength increased from 25,000 to 50,000 p.s.i., 
elongation decreased from 15 to 4 per cent. 

Brass for extensive cold-drawing operations must have an 
entirely ol structure. The properties of the a structure from 0 to 
38 per cent zinc do not change linearly nor even follow a smooth 
curve, as was shown by Table VI in Chap. lY; the 70:30 alloy, 
cartridge brass, shows slightly higher strength than the 65:35 
alloy, common high brass. Low or red brass, 15 to 20 per cent 
zinc, contains enough copper to give the alloy a red tint and is 
used where color, freedom from stress corrosion or season crack- 
ing, and superior corrosion resistance are factors of sufficient 
importance to justify the higher cost. Commercial bronze, an 
alloy of copper with 10 per cent zinc, has a bronze color and is 
widely used, together with the 95:5 alloy, in applications for 
which the color, softness, or corrosion resistance of the metal is 
suited, 
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Pipes and tubes are made of various copper-zinc compositions: 
Muntz metal, high brass, or red brass according to requirements, 
mainly in the direction of corrosion resistance. Red brass is 
generally best for water conduction, particularly if dezincifica- 
tion (removal of zinc from surface), or pitting, are likely to be 
encountered from hot, impure waters. Condenser tubes may be 
made from Muntz metal, cartridge brass, the same 70:30 alloy 
with 1 per cent tin replacing a similar amount of zinc (admiralty 
metal), or 70:30 with 1 to 2 per cent aluminum replacing part 
of the zinc. The tin or aluminum remains in solid solution and 
does not significantly affect the appearance or microstructure of 
the alloy but does noticeably improve its corrosion resistance, and 
aids in obtaining a finer grain and immunity from season cracking. 
The 80:20 and 70:30 cupro-nickels are superior to. any of the 
brasses in respect to corrosion resistance and strength, and are 
particularly important for marine condenser service (page 59). 

QUESTIONS 

1. What would be the relative advantages and disadvantages in the use of 
60:40 or 70:30 brass for (a) cartridge cases (b) large forgings. 

2 . Describe two methods of varying the relative amounts of a and /3 phases 
in a 60:40 brass by heat treatment. 

3 . Why should 64:36 brasses be slowly cooled from a high temperature? 
If cooled too rapidly, how may the condition be remedied? 

4. Explain the course of the hardness vs. temperature data for the 65 : 35 
-brasses and the 60:40 brasses, as quenched from 650° to 825°C. (Table IX). 

- 5 . How does lead function to increase the machinability of Muntz metal? 

6. What is the maximum copper content brass alloy that will develop 
some 13 constituent upon annealing at very high temperatures (consult phase 
diagram) ? 

7. How can /!?' be distinguished from a in a duplex structure of the two 
constituents? 
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IRON-CARBON ALLOYS: 

NORMALIZED AND ANNEALED STEELS 

Commercial steels are never binary alloys of iron and carbon^ 
for manganese, silicon, sulphur and phosphorus are always present 
in the iron-carbon alloy, as produced from pig iron by any of the 
industrial refining processes. Plain carbon steels, produced in 
the open-hearth furnace using from 25 to 50 per cent scrap metal, 
may also contain residual elements such as copper, nickel, 
chromium, and tin, to name but a few, in amounts up to 0.1 per 
cent. All of these elements will affect some property of the steel 
but, in general, the effects are small. The iron-carbon phase 
diagram is not noticeably changed by the presence of any of these 
residual impurities, or addition agents, such as manganese or 
silicon, in the amounts usually found in carbon steels. Modifica- 
tions in the diagram, in the properties of steels, or in their response 
to heat treatment, as affected by larger additions of other ele- 
ments, will be discussed in later sections. 

PHASE DIAGRAM 

The phase diagram. Fig. 10, has been reproduced with the 
carbon-concentration scale plotted so as to expand the area 
including commercial steels, 0 to 1.4 per cent carbon, and com- 
press the area of cast irons, 2. to 4. per cent carbon, in which the 
exact carbon content is of lesser importance. The basis of the 
differentiation between steels and cast irons is found in the phase 
diagram and may be expressed in two ways. From a practical 
standpoint, steels have such a high melting point (above 1440°C.); 
that special and expensive equipment is required to melt them,, 
whereas cast irons melt at 1350°C. or less, a temperature much 
more readily attained with inexpensive equipment. However,, 
since the decrease in melting point (or liquidus temperature) with , 
increase of carbon content is continuous from 1525 to 1142°C.,, 
this reasoning, while of practical importance, leads to no specific; 
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demarcation limit. A second means of distinguishing between 
the two classes of materials is on the basis of structure and 
properties; iron containing up to 1.7 per cent carbon^ can be 
heated to a temperature at which it will show only one phase. 



YiGr. 10. — Phase diagram of the iron-iron carbide (metastable) alloy system. 

face-centered cubic 7 , while alloys containing more than 1.7 per 
cent carbon always contain 7 -f FeaC eutectic structure. The 
eutectic has some 50 per cent by weight (more by volume) of the 
brittle FesC phase which tends to be continuous, and thus alloys 

1 Recent work by Gurry {Metals Tech,, 9, April, 1942) indicates that the 
Acm hue of Fig. 10 may be incorrect. The saturation solubility limit of car- 
bide in austenite at the eutectic temperature, universally accepted as 1.7 per 
cent carbon for many years, appears to be about 2.0 per cent carbon. The 
low value ordinarily obtained is a result of incomplete homogenization of 
austenite (see p. 139, or compare with the general effect of a metastable 
solidus in eutectic systems, p. 66). 
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above 1.7 per cent carbon, containing eutectic at all tempera- 
tures, are somewhat brittle. The eutectic in alloys of less than 
1.7 per cent carbon, resulting from undercooling, can be dissolved 
in 7 which, being face-centered cubic, is plastic. This distinction, 
that steels can be hot-rolled and cast irons can not, is not abso- 
lutely clear-cut, however nicely it ties up with the phase diagram. 
For example, cast irons (white) of about 2.25 per cent carbon, 
which contain only 20 per cent of the eutectic and 80 per cent of 
the 7 phase at about llOO^C., can be hot-rolled if the initial soak- 
ing at the high temperature before rolling is effective in breaking 
the continuity of the carbide in the eutectic (by agglomeration, 
see page 166), and if the initial breakdown passes are moderate. 
Alloys in the range from 1.5 to 2.5 per cent carbon, then, are 
intermediate between steels and cast irons. This should not lead 
to their being termed semisteels (page 203) for the reason that the 
latter designation has been used for such a wide variety of iron- 
carbon alloys that it has become practically meaningless. 

The phase diagram shows three horizontal lines, each represent- 
ing a reaction involving three phases and occurring at a constant 
temperature. The reactions may be represented as 

(1) At 1490°C., d (0.08% C) + liquid (0.55% C)^ 7 (0.18% C) 

(2) ' At 1142°C., Liquid (4.3% C)^ 7 (1-7% C) + FegC (6.7% C) 

(3) At 723^0., 7 (0.80% C)^ a (0.034% C) + FeaC (6.7% C). 

The solidification process, through the peritectic range (0.1 to 
0.5 per cent C), solid-solution range (0.5 to 1.7 per cent C), or 
hypoeutectic range (1.7 to 4.3 per cent C) of carbon content, 
proceeds as it does in any alloy system showing comparable condi- 
tions. For example, an alloy of iron and 1;2 per cent carbon 
upon cooling from the liquid state to 723°C. behaves exactly like 
an aluminum, 4 per cent copper alloy; solidifies in the form of a 
solid solution, 7, and, as this cools past the line marked Acm, the 
decrease of solubility of FesC causes the carbide phase to precipi- 
tate from solid solution in 7 which correspondingly becomes 
depleted in carbon. The carbide precipitation occurs chiefly at 
the 7 grain boundaries, although, if a large amount of FesC must 
separate, it forms Widmanstatten plates within the grains. 
When the 7 phase reaches a carbon content of 0.80 per cent at 
723°C. (under equilibrium conditions), reaction (3) occurs. This 
reaction is missing from the aluminum-copper diagram although, 
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again, the construction of the phase diagram is identical if the 7 
field is taken to represent liquid alloys. Because of the essential 
similarity of reaction (3) to the eutectic (2), the former is known 
as an eutectotd. Whereas an eutectic represents the formation of 
a mechanical dispersion of two new solid phases, here 7 + FesC, 
from a liquid, a eutectoid represents the formation of a dispersion 
of two new solid phases, a + FesC, from a solid, 7. In both 
cases, the two-phase dispersed structure has a distinctive appear- 
ance as compared with either phase which may have formed in a 
different manner. 

The term hypoeutectoid has the same significance as hypo- 
eutectic. On cooling a 0.4 per cent carbon steel past the line 
equivalent to the liquidus in eutectics, here called the Az line, 
crystals of a begin to form at the 7 grain boundaries and continue 
foianing until, at 723°C., they represent' (0.80 — 0.40)/0.76 = 53 
per cent of the structure (under equilibrium conditions), after 
which the residual 7 of 0,80 per cent carbon content goes through 
• the eutectoid reaction. Hypereutectoid alloys behave in an 
identical manner, except that the phase separating from 7 at its 
grain boundaries is FesC. 

Note that the solubility of FesC in the a phase decreases from 
0.04 per cent carbon at 723°C. to about 0.007 per cent at room 
temperatures. This indicates that low-carbon alloys are suscep- 
tible to age-hardening when cooled rapidly from the vicinity of the 
eutectoid temperature (page 92), an effect known as quench-aging, 

TERMINOLOGY 

The iron-carbon diagram was one of the first metallic systems 
to be studied, and this fact, plus the predominant commercial 
production and use of steels among all alloys, has led to the 
application of special names for phases and structures, in addition 
to the basic Greek-letter designations. The common ones are: 

7 = austenite, the face-centered cubic structure which can 
dissolve up to 1.7 (or perhaps 2.0) per cent carbon at 1142^0. 

a == ferrite, body-centered cubic iron dissolving a maximum of 
0.04 per cent carbon at 723°C. 

FesC = cementite = iron carbide or simply “ carbide. 

7 + FesC = eutectic = ledeburite (see cast irons, page 195). 

oc -f FesC = eutectoid = pearlite, the distinctive two-phase 
structure, formed from 0.8 per cent carbon austenite on slow 
cooling past 723°C. 
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Acm = line showing thermal arrest resulting from precipitation 
of carbide from austenite (on cooling). 

As = line showing thermal arrest resulting from formation of 
ferrite in austenite (on cooling, Ar,; on heating, Ac, indicates the 
reverse, i.e., solution of ferrite in austenite). 

A 2 ~ line at about 768°C. showing a magnetic change in 
ferrite; not a phase change and not shown on this phase diagram. 

Ai == horizontal line representing eutectoid reaction (on cool- 
ing, Ar^j and on heating, ^d). 

Normalizing = heating into the austenitic field followed by air 
cooling. 

Annealing {full) = heating above the A^ for hypoeutectoid 
steels or above the Acy for hypereutectoid alloys (for reason, see 
page 119) followed by furnace cooling. 

Annealmg (process) = heating to a temperature below or close 
to the Ai line. This temperature does not result in any phase 
change but will soften work-hardened ferrite or spheroidize 
cementite. 


EQUILIBRIUM AND NONEQUILIBRIUM 

The phase diagram shown for iron-carbon alloys cannot be 
called an equilibrium diagram, for that would imply no change of 
any phase with time. However, even relatively pure iron-carbon 
alloys will change; a low-carbon steel, 0.08 per cent carbon' with 
low silicon content, held several years at 650 to 700°C. (in an oil 
distillation system), was found to consist of ferrite and graphite, 
not ferrite and carbide as the diagram would lead one to expect. 
Since a long time at an elevated temperature is known to be 
conducive to the establishment of equilibrium, it is concluded 
that iron carbide is always a transitional or metastable phase. 
However, extraordinary temperature and time conditions (or a 
relatively high silicon content, see page 191) are required to 
decompose carbide into graphite and ferrite^ 

[FesC^ 3Fe(Q:) + C (graphite)]. 

Although the iron-iron carbide diagram is known to represent 
metastable conditions, the temperature-composition limits of 
phase changes shown by various lines can be considered as having 
equilibrium positions under normal heating and cooling condi- 

1 Above the Ai temperature, carbide will break down to graphite and 
austenite when the alloy is to the right of the Acm line. 
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tions. Liquidus and solidus lines will be depressed by unde)-cool- 
ing in the same manner as those on true equilibrium diagrams. 
The lines on the diagram outlining the eutectoid transformation 
are particularly subject to displacement from overheating or 
undercooling, since transformations requiring diffusion in the 
solid state are necessarily slower than those involving a liquid. 
(For example, the metastable'' solidus in solid solutions is not 
usually accompanied by a detectable metastable liquidus since 
atomic diffusion is so much more rapid in the liquid than the solid 
state.) 

The displacement of the Az and Ai lines of the phase diagram 
has caused the use of the designation Ac 

(c = “chauffage" = heating) 

for their positions on ordinary heating cycles or Ar 

(r = “refroidissement" == cooling) 

on ordinary cooling cycles, as indicated under Terminology. A 
more complete discussion of these effects is given in Chaps. IX 
and X, but it is desirable to point out here that the A 3 and A cm 
lines are subject to greater displacement, as a result of reluctance 
by the ferrite or cementite to form in austenite, than the Ai line at 
which pearlite forms from austenite. The positions of all three of 
these important lines upon air-cooling of moderate-sized sections 
are shown in the diagram. The result of undercooling is imme- 
diately evident in the composition of the eutectoid ; it is no longer 
fixed at 0.80 per cent carbon but includes a range of concentra- 
tions of from 0.6 to 1.1 per cent carbon. Older books on this 
subject often show carbon contents for the eutectoid different 
than the 0.80 per cent given here, and the basis for past confusion 
is related to undercooling. The 0.80 per cent value was obtained 
by heating and cooling tests of alloys betweeli 0.7 and 0.9 per cent 
■carbon in which the change of temperature was only hs°C. per 
minute.^ The effect of undercooling on the carbon concentration 
and temperature of this eutectoid should be compared with the 
effect on the silicon content and temperature of the aluminum- 
silicon eutectic, although in the latter case, since only the 
formation of silicon is supressed by undercooling, the eutectic 
concentration is displaced in only one direction. 

1 Mehl and Wells, Trans. A.I.M.E., 125, 429, 1937. 
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The concentration of the carbon content of the eutectoid is 
important in applying the lever rule to hypo- or hypereutectoid 
structures; i.e., in predicting whether a specific alloy should show 
excess ferrite or carbide and how much or, vice versa, in estimat- 
ing carbon content on the basis of the presence and amount of an 
excess of one of these phases. The lever rule can be useful in both 
of these ways but is quantitatively applicable only when the struc- 
tures are obtained under conditions approaching equilibrium, 
very slow furnace cooling. 

MICROSTRUCTURES (PLATE VIII) 

While the entire two-phase field between 0.007 and 6.7 per cent 
carbon, at room temperatures, consists of the phases, ferrite and 
carbide, the structural ai3pearance of different alloys varies with 
the state of aggregation of the ferrite and carbide as a function of 
their origin. The following ranges can be differentiated, chiefly 
on the basis of five types of carbide dispersion: 

а. 0.007 to 0.04 per cent carbon; ferrite with carbide precipi- 
tated in a very fine form, usually invisible. 

б. 0.04 to 0.8 per cent carbon; ferrite + pearlite. 

c. 0.8 to 1.7 per cent carbon; pearlite + carbide precipitated 
from austenite. 

d. 1.7 to 4.2 per cent carbon; pearlite in a dendritic structure 
(from hypoeutecU'c primary austenite) + carbide precipitated 
from austenite (usualty attached to and indistinguishable from 
eutectic carbide) + ledeburite. 

e. 4.2 to 6.7 per cent carbon; primary carbide crystals + lede- 
burite. Of these structures, (a) is not reproduced although the 
“Metals Handbook'' gives methods of detecting this form of 
carbide precipitation; (6) and (c) are shown in this chapter; (d) is 
given in Chap. XII on cast irons, and (e) is not reproduced since 
no commercial alloys fall within this range. 

Plate VIII, Fig. 1. 0.15 per cent C normalized steel; XlOO; 

NitaP etch. The structure is about 80 to 85 per cent ferrite 
(white) as predicted by the phase diagram. The black areas are 
pearlite in which the two-phase structure is not resolved at this 
magnification. The black lines in the ferrite are grain boundaries 
which delineate the ferrite grain size. 

^ A solution of from 1 to 10 per cent HNOs in alcohol. A 4 per cent solu- 
tion is most generally useful. 
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Plate VIII, Fig. 2. 0.40 per cent C normalized steel; XlOO; 
Nital etch. This structure is also composed of white ferrite 
crystals and dark areas of pearlite. (It is inaccurate to speak of 
grains of pearlite when it actually consists of two different types 
of crystals, a and FesC, in a fine lamellar dispersion.) Ferrite 
here amounts to noticeably less than the expected 50 per cent of 
the structure, for the reason that upon air-cooling of the specimen 
in the normalizing treatment, separation of hypoeutectoid ferrite 
is not complete and the carbon content of the pearlite conse- 
quently is diminished. 

Plate VIII, Fig. 3. 0.60 per cent C normalized steel; XlOO; 
Mtal etch. Moderately rapid air-cooling of this specimen has 
resulted in somewhat less than the expected 25 per cent ferrite. 
As the ferrite forms preferentially at the austenitic boundaries, 
with the center of the austenite grains later transforming to 
pearlite, the ferrite crystals outline the former austenitic grains. 
This specimen showed considerable variation in the size of the 
austenite grains; some are quite small, others are large. Ferrite 
formation is not confined completely to austenitic grain bound- 
aries since some white crystallites are visible inside the present 
pearlitic areas. Slow cooling from a very high temperature, as in 
castings of hypoeutectoid steels, sometimes gives a pronounced 
Widmanstatten pattern of ferrite plates in a pearlitic background. 
Color variations in the pearlite are associated with variations of 
the angular position of the ferrite-carbide lamellae with respect to 
the surface of polish. 

Plate VIII, Fig. 4. 0.80 per cent C annealed steel; X1500; 
Picral etch.^ A normalized eutectoid carbon steel, at 100 diame- 
ters to compare with the previous micrographs, would show only 
a dark structure with some minor but indistinct color variations 
associated with changes in pearlitic orientations. To demon- 
strate the pearlitic structure properly, it should originate by 
slowly cooling austenite (annealed structure) and be etched with 
Picral, which is somewhat more satisfactory than Nital for reveal- 
ing carbides at a high magnification. This micrograph shows the 
two-phase pearlite structure in which ferrite is the background or 
phase, composing about (6.7 - 0.8) /6.7 = 88 per cent 
(by weight) of the structure. Carbides are present as lamellae 
which appear to be spaced closely when normal to the surface and 
^ Cpncentrated (4 to 6 per cent) solution of picric acicj in j 
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further apart as they approach parallelism with the surface. 
Both ferrite and carbide are white, but the carbides are outlined 
by a dark line since they are less attacked by the etch and remain 
slightly in relief. (With conical or ^'dark-field'' illumination, 
both ferrite and carbide surfaces remain dark but light reflects 
from the sloping sides of the carbides which are then brightly 
outlined.) This pearlitic structure is similar, although slightly 
coarser, to the pearlites in the three previous hypoeutectoid steels 
and would also appear dark if viewed at a low magnification. 
For low-magnification study, steels are usually overetched to 
strengthen the contrast between ferrite and peaiiite areas, while 
for high magnification a rather light etch is employed to avoid 
roughening the surface too much and thereby losing clarity. Fine 
structures of this type are particularly subject to distortion from 
flow during polishing and are repolished and^reetched for resolu- 
tion at high magnifications. The name peaiiite is a descriptive 
word, applied because of the pearly irridescence of the surface 
when light is diffracted from the gratinglike laminations. 

Plate VIII, Fig. 5. 1.0 per cent C annealed steel; XI, 500; 
Picral etch. For the reasons previously discussed, this slightly 
hypereutectoid steel would show little or no excess cementite if a 
relatively small section were air-cooled. When furnace-cooled 
from the austenitic field past the Acm line, iron carbide forms 
at the grain boundaries of the austenite. This micrograph shows 
the intersection of three former austenite grains, outlined by a 
thin, continuous cementite envelope at their boundaries. The 
remainder of the structure is similar to the straight eutectoid 
steel. Note particularly that, although ferrite and carbide 
lamellae are approximately parallel in some sections, in other 
areas within the same former austenite grain they are arranged in 
a different pattern. This demonstrates that, in normalized or 
annealed steels, the orientations of pearlitic areas do not reveal the 
austenitic grain size; some excess carbide (or ferrite) is required. 

Plate VIII, Fig. 6. 1.3 per cent C annealed steel; X 100; Nital 

etch. With a greater amount of excess carbide present, a high 
magnifi'cation is not required to show the structure of the steel. 
The white carbides outline former austenitic grain boundaries and 
reveal the size of the grains existing at the high temperature, viz., 
about A.S.T.M. #2 (see "Metals Handbook," Austenitic Grain 
Size), With the increased amount of excess carbides, some large 
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plates of FesC have formed within the former y grains and outline 
the specific crystal plane on which they necessarily formed. The 
dark background structure is pearlite. 

PROPERTIES 

The mechanical properties of normalized steels, as those of any 
alloy, are determined by the phases present and their distribution. 
Ferrite, relatively pure, body-centered cubic iron, has moderately 
good plasticity and strength, while the carbide is very hard and 
brittle. In the aggregate, or structural constituent called pearl- 
ite, the ferrite is nearly continuous. Consequently the eutectoid 
structure has some plasticity combined with moderately high 
hardness and strength. Hypoeutectoid alloys show a con- 
tinuous ferrite grain structure containing islands of pearlite, and, 
therefore, these steels show good plasticity and strength, the 
plasticity decreasing and the strength increasing as the amount 
of ferrite decreases and the amount of pearlite increases with 
carbon content. 

Hypereutectoid alloys, when slowly cooled past the Acm liiio, 
show carbide envelopes at the former austenitic grain boundaries 
and with this continuous brittle phase, structures such as those in 
Plate VII, Figs. 5 and 6, are inherently brittle. It is for this 
reason that, in commercial practice, hypereutectoid steels must be 
annealed below the Acm line; the two structures shown would be 
very undesirable for an industrial alloy. Since the more rapid 
air-cooling of a normalizing treatment suppresses the formation 
of hypereutectoid carbide envelopes, normalizing can be and is 
carried out above the Acm line. Quantitative data showing these 
effects are presented in Table X. For hypoeutectoid steels, the 
changes in properties are so nearly linear that they can be 
expressed with reasonable accuracy by a simple equation which 
relates the specific property to carbon content, by means of the 
properties of ferrite and pearlite and the proportion of each 
present in the structure. Thus the tensile strength of annealed 
hypoeutectoid steels (using the data of Table X and the lever rule) 
is related to carbon content by: 

^ , ,, 41,000 (% ferrite) + 115,000 (% pearlite) 

Tensile strength = — ^ 100 — ^ ^ 

+ 115,000 (II) 
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Table X. — Mechanical Peopehties of Nokmalized and Annealed 

Steels 


Per cent carbon 

Yield 
point, 
1,000 p.s.i. 

Tensile 
strength, 
1,000 p.s.i. 

Per cent 
elonga- 
tion in 

2 in. 

R, eduction 
in area, 
per cent 

Brinell 

hardness, 

BHN 

Hot-rolled steel: 
0.01* 

26 

45 

45 

71 

90 

0.20 

45 

64 

35 

60 

120 

0.40 

51 

85 

27 

43 

165 

0.60 

60 

109 

19 

28 

220 

0.80 

70 

134 

13 

18 

260 

1.00 

100 

152 

7 

11^ 

295 

1.20 

100 

153 

3 


315 

1.40 

96 

148 

1 

3 

300 

Annealed: 

0.01* 

18 

41 

47 

71 

90 

0.20 

36 

59 

37 

64 

115 

0.40 

44 

75 

30 

48 

145 

0.60 

49 

96 

23 

33 

190 

0.80 

52 

115 

15 

22 

220 

1.00 

52 

108 

22 

26 

195 

1.20 

51 

102 

24 

39 

200 

1.40 

50 

99 

19 

25 

215 


* Data on Armco iron. Other specimens represent killed, commercial steels of similar 
compositions except for carbon content (Nead). 


The other basic factors influencing properties of these alloys will 
be discussed later, ferrite grain size in the next chapter (Chap. IX) 
and size of the lamellae of pearlite in the next following chapter 
(Chap. X). 


ENGINEERING APPLICATIONS 

Beginning with this section, which introduces the subject of 
steel, the S.A.E. steel specifications (listed in the “Metals Hand- 
book ’0 should be consulted for details of composition, treatment, 
and properties, as they constitute the most generally satisfactory 
compilation of this character and are used by engineers for nearly 
all types of construction. In 1942, the scarcity of alloying ele- 
ments such as nickel, chromium, and vanadium led to the intro- 
duction of a new series of National Emei‘gency (N.E.) steels. 
The total alloy content of these steels is restricted but properties 
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comparable to those shown by the standard S.A.E. grades are 
obtained by a more liberal use of relatively abundant elements, 
such as manganese and molybdenum. Articles in trade journals 
such as Iron Age or Steel and in magazines such as Metal Progress, 
appearing in 1942, give considerable data on compositions and 
properties. 

Steels containing only 0.1 or 0.2 per cent of carbon cannot be 
hardened appreciably by heat treatment and are ordinarily 
machined as received, whatever their previous treatment. They 
may be strengthened by cold-working when the necessary form 
changes are permissible as in wire, rod, or sheet. A very impor- 
tant treatment of these low-carbon steels, both plain carbon and 
alloy types, is case-hardening or carburizing (page 183) . Another 
process of surface hardening is nitriding or case-hardening with 
ammonia gas, employing steels containing about 0.25 to 0.35 per 
cent carbon and also other essential elements, including aluminum 
and chromium (page 183). 

The carburizing process consists of supplying carbon in an 
active atomic form to the surface of the steel by means of a gas 
(CO in charcoal-pack carburizing or a hydrocarbon such as CH4 in 
gas carburizing) or a liquid (NaCNO dissolved in a liquid salt 
mixture). If the steel is almost entirely feriite, i.e., pure iron or a 
low-carbon steel below the temperature, the ferrite can absorb 
a maximum of 0.04 per cent carbon, and the external carbon 
supplied to the surface can only form a very thin surface layer 
of FesC. If the steel is above, the temperature but below 
the Acs, the surface carbide can eutectoidally react with any 
adjacent ferrite that is present to form austenite, but this inter- 
mediate reaction slows up carbon absorption, and carburizing in 
this temperature range results in thin, shallow cases with a very 
high surface carbon content (up to 3.0 per cent in the outer 0.004 
in. layer). However, if the steel is initially in the austenitic con- 
dition, carbon at the surface is soluble to an amount exceeding 
0.80 per cent and is free to diffuse into the steel. The higher the 
temperature attained, the deeper is the carbon penetration and, 
correspondingly, the lower is the surface carbon concentration, 
since the carbon diffusion rate into the steel generally increases 
more rapidly than the increase in rate of carbon supply to the 
surface. In most commercial carburizing, the surface may con- 
tain about 0.80 to 1.0 per cent carbon with the concentration tap- 
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ering off until, at a depth (usually 0.010 to 0.040 in.) determined 
by the time, temperature, and other carburizing-practice variables, 
the carbon content is that of the original low-carbon steel. The 
“Metals Handbook^^ contains articles devoted to carburizing, as 
well as to other surface treatments. However, it should be 
emphasized here that the limitations of these surface treatments 
are to a considerable extent explicable on the basis of the perti- 
nent phase diagrams, particular^ the solid-solution fields, since 
diffusion is impossible in the absence of solid solubility. Thus the 
concentration limits away from the immediate surface of the steel 
being treated are set by the phasial solubility limits. The struc- 
tures and properties attained after heat treatment of carburized 
steels follow the generalizations covered in Chap. X for steels of 
the appropriate range of carbon contents. 

Free-cutting properties in steel are obtained by increasing the 
manganese and sulphur contents beyond the limits desired for 
structural uses. The resulting manganese-sulphide inclusions 
embrittle the steel somewhat and, relatedly, increase the ease of 
chip removal by the cutting tool. . The compositions of ordinary 
carbon steels (S.A.E. 1010-1095) and free-cutting steels (S.A.E. 
1112-1340) are given in the “Metals Handbook.’’ A new type 
of free-cutting steel contains lead, the effect of which is similar to 
that in the leaded, free-cutting brasses, but, present in smaller 
amounts, it is not visible under the microscope. 

Steels containing 0.4 to 0.5 per cent of carbon are usually 
normalized before machining. ^ When brought to final shape, they 
are frequently heat-treated to obtain specific mechanical proper- 
ties. The S.A.E. recommendations for heat treatment specify 
normalizing or annealing in steels from S.A.E. grades 1055 to 1075, 
inclusive, and normalizing and annealing from 1080 to 1095 inclu- 
sive. Xormalizing is usually performed at higher temperatures 
than annealing since the object of normalizing is to obtain a 
homogeneous austenite ivhich will transform to a uniform struc- 
ture, whereas the object of full annealing is usually to obtain a 
softer, pearlitic structure (except for steel castings, see Chap. IX). 

Most of the alloy steels in the S.A.E. list contain small per- 
centages of the alloying constituents which do not fundamentally 
change the structure of the steel but dissolve in the ferrite to 
strengthen and toughen it, cause the pearlite to become finer in 
texture, prevent coarsening of grain in heat treating, or result in 
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deeper hardening characteristics, effects which will be discussed 
in Chaps. X and XL Steels which are basically changed by the 
use of high percentages of manganese, tungsten, nickel, or chro- 
miura will be discussed at the same time. 

QUESTIONS 

1 . What is meant by the “stable iron-carbon system? The “meta- 
stable” system? 

2. In what form is the carbon present in slowly cooled steels? 

3. Define: {a) pearlite, (h) ferrite, (c) eutectoid, (d) cementite, (e) hypo- 
eutectoid steel, (/) hyper eutectoid, (g) eutectoid steel. 

4. What is the carbon content of pearlite? Of cementite? Of saturated 
austenite? Of saturated ferrite? 

6. Calculate the percentages of structural constituents in slowly cooled 
steels containing: (a) 0.08 per cent carbon, (h) 0.35 per cent carbon, (c) 

0. 70 per cent carbon, (d) 1.2 per cent carbon. 

6. How is it possible to identify structurally free cementite and ferrite, 

1, e., to distinguish between a slightly hypoeutectoid and a hypereutectoid 
steel: by their structures at XlOO? by special etching reagents? 

7. Set up equations giving the yield strength, percentage of elongation, 
percentage of reduction in area, and Brinell hardness of annealed hypoeutec- 
toid steels. 


REFERENCES 

“Metals Handbook,” sections on Constitution of Fe-C Alloys, Aging of 
Iron and Steel, Etching Reagents for Microscopic Examination (Steels), 
Case-Hardening. 



CHAPTER IX 


STRUCTURAL, FORGED, AND CAST STEELS 

The properties and the microstructures of steel are not neces- 
sarily identical for grades having similar thermal and mechanical 
treatments and compositions, as specified by the elements usually 
determined in chemical analyses performed by the mill. The 
variables in properties and structures are related to the ingot from 
which the particular shape was fabricated and, earlier than that, 
to the process by which the steel in the ingot was produced. 
Some significant variables may be traced to even earlier stages, 
particularly, the original raw materials. Some understanding of 
these effects is desirable in evaluating the steels available for 
specific applications. 

COMPARISON OF STEELS BY PRODUCTION PROCESSES 

The preponderant amount of steel produced and consumed is 
of a grade termed basic open-hearth carbon steel. Basic open- 
hearth refers to the refining process, including refractories, fur- 
nace, and the associated slag and metal practices, by which the 
steel is produced from pig iron and scrap steel. The Metals 
Handbook'' includes a brief description of this process, as well as 
of the other two important types, acid Bessemer and basic elec- 
tric. In acid processes, both refractories and slags are highly 
siliceous, which prevents any removal of phosphorus and sulphur 
from the metal during refining. Hence, only raw materials low in 
these elements can be treated by an acid process for the produc- 
tion of steels having a composition within the usual specifications 
ranges. Basic electric steel is usually made under two slags, one 
of an oxidizing character to remove phosphorus, and a second slag 
of a reducing nature, containing calcium carbide (except for low- 
carbon stainless steels), which removes sulphur and, more impor- 
tantly, oxygen. For this reason, and because of the use of 
selected scrap, electric steels ordinarily contain less phosphorus 
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and sulphur than basic open-hearth grades. In addition to this 
difference in the content of normally reported impurities, phos- 
phorus and sulphur, the three major types of steel can be dif- 
ferentiated by the concentration of an impurity not usually 
determined analytically, f.e., oxygen, present in the combined 
form as an oxide. Naturally, the oxygen content will vary 
inversely with the carbon content, no matter how the steel is 
produced. By processes, however, the degree of oxidation of the 
liquid steel and, relatedly, the amount of residual oxides in the 
final product, will decrease in this order: acid Bessemer (high), 
basic open-hearth, and basic electric (low by reason of the finishing 
slag) . A description of the skill and knowledge required to con- 
trol the form, size, and dispersion of the solid oxide in the final 
steel is beyond the scope of this book, but the importance of this 
final form is paramount in many applications. Oxides or oxide 
mixtures (FeO, MnO, and Si02) with relatively low melting points 
are certain to segregate at the original austenitic grain boundaries 
of the cast metal and, if present in any considerable amount, 
impair the impact properties (see page 131). The same effect is 
true for sulphides or oxysulphides, both brittle compounds. The 
amount of oxides in the finished steel depends not only on the 
steelmaking process, but also on the operating conditions for a 
given process. The physical form in which oxygen is present may 
vary in carbon or alloy steels according to its chemical form, i.e., 
whether present as FeO and MnO, Si02, Cr 203 , AI 2 O 3 , Ti02, or 
Zr 203 . Combinations of oxides forming low-melting-point con- 
stituents, particularly of an acid (Si02) and base (FeO), tend to 
agglomerate and form large “inclusions'^ while the highest melt- 
ing-point oxides (Al, Ti, and Zr oxides) solidify while the steel is 
liquid and are ultimately dispersed in the much less objectionable, 
or, in respect to grain size, beneficial, form of very fine particles. 

The size, amount, and dispersion of oxides (or sulphides) affect 
mechanical properties as previously mentioned. For example, 
bending properties may be adversely affected when the bending 
axis is parallel to elongated stringers of inclusions (bending with 
the “ fiber ’0* addition, the welding characteristics of a steel 

are markedly affected. Bessemer steel strip (skelp) welds much 
better than an equivalent open-hearth grade in pipe making by 
lap and butt welding, although it is not certain whether this is due 
to low-melting-point inclusions or some other characteristic. On 
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the other hand, an unusually high oxide content in high-quality 
electric steel used for making aircraft propellers by welding may 
cause defects in the weld deposit as a result of the reaction 
between carbon and oxides in the liquid weld metal. Finally, a 
critical dispersion of very small oxide particles may inhibit grain 
growth in the austenitic state and considerably raise the tempera- 
ture at which coarsening begins. Thus, when dispersed alumi- 
num, titanium, or zirconium oxides are formed by additions of one 
of these elements to the liquid steel containing dissolved oxygen 
as FeO, the final solid steel is usually fine grained. This condition 
is of importance in carburizing at high temperatures (page 121) or 
in attaining improved physical properties in either carbon or low- 
alloy structural steels (page 136). 

GRAIN REFINEMENT OF STEELS 

Once a steel is in the solid form, the grain-size factors discussed 
in Chap. Ill become operative. The effect of oxide inclusions 
was covered in a general manner by stating that insoluble phases 
seemed to retard grain growth. Upon heating steels to tempera- 
tures below the Ac^ line, the ferrite grain size may be increased, 
although this is noticeable only in relatively low-carbon steels 
(under about 0.30 per cent carbon) since the pearlitic areas of 
higher carbon steels interfere with boundary movements. 

Heating above the Ac^ line causes the ferrite and carbide phases 
to go through the eutectoid reaction and form austenite. At the 
Aoy temperature, austenite of eutectoid carbon content forms in 
the pearlite. Several austenite grains may be formed in each 
pearlitic area and the number formed is determined by the degree 
of overheating. Rapid heating through the temperature 
results in more austenite nuclei and thus smaller austenitic grains 
when all the pearlite has subsequently disappeared. This effect 
is complementary to that generally observed, since rapid cooling 
encourages greater nucleation and a finer grain. In a hypo- 
eutectoid steel, heating just above the Aq line merely forms 
austenite in the pearlite areas while the ferrite grains remain in an 
amount determined by the carbon content. The ferrite grains 
may grow in size at each other^s expense in zones of mutual con- 
tact, and since this phase is stable down to room temperatures, 
the ferrite will not be affected if the steel is now cooled below the 
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To change the ferrite • grain size and distribution, it is 
necessary to continue heating the steel past the temperature, 
thus forcing the austenite grains to absorb the ferrite. The initial 
austenitic grain size achieved upon heating above the upper 
critical temperature (Ac,) is, then, a function of the amount of 
carbon present, which determines the amount of pearlite areas in 
which the austenite forms, the size of the ferrite and pearlite areas 
originally present in the steel, and the rate of heating through the 
critical temperatures. Once in the one-phase y field, grain 
growth may result in coarsening the austenite grains, and it is in 
this range of heating that oxide inclusions affect the grain size 
resulting from heating to specific temperatures. 

When the steel is cooled below the Ar, temperature, ferrite 
crystals start to form at the austenitic grain boundaries. As cool- 
ing continues to the Ar„ the first ferrite crystals grow and more 
form, chiefl}^ at the grain boundaries of the y phase, although in 
low-carbon steel some form within the y grains. At the line, 
the steel consists of austenite crystals surrounded by ferrite 
crystals. These latter are unaffected by the eutectoid reaction, 
during which the austenite transforms to pearlite. The ferrite 
grain size consequently is determined by (1) the austenitic grain 
size from which it originated (fine-grained austenite has more 
boundaries, thus more sites for nuclei), and (2) the cooling rate, 
specifically from the Ar, to the For optimum grain refine- 
ment, the steel should be heated to just above the Ac, and then 
cooled as rapidly as the section size or hardness and residual stress 
specifications (see page 150) permit. However, since an initially 
very coarse structure would still not give as fine-grained a struc- 
ture as a less coarse one, a repetition of this treatment can result 
in further refinement. The high temperature, above the Ac,, to 
which the steel must be heated, sets a minimum for the attainable 
grain size, usualLy met upon a second treatment. 

Hot-forging is a general term applied to the hot-working of 
metals by means for forging machines, hammers, and presses. 
Steel ingots may be forged with the object of improving the struc- 
ture and properties of the ingot for subsequent working; the 

^ These designations were defined on p. 113 as lines on the phase diagram, 
but they are usually employed to designate a specific temperature whose 
value may be a function of the carbon content or heating and cooling 
conditions. 
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forging at elevated temperatures promotes diffusional activities, 
thereby favoring chemical homogeneity, refines the grain, and, in 
certain highly alloyed steels, is effective in destroying the con- 
tinuity of troublesome carbide segregates. Forging is also an 
important process for converting a block of metal to the approxi- 
mate dimensions of a finished article, and forgings, in many cases, 
are competitive with castings. The direction of flow of the metal 
during forging to a specific shape is of considerable importance 
since the physical properties of the final product are noticeably 
better in a direction parallel to that of flow than they are in a 
transverse direction. This fiber effect may result from align- 
ment of oxide inclusions in the direction of flow or from an align- 
ment of segregated areas of incompletely homogenized austenite. 

When steel is being hot-worked in the austenitic range, the 
deformation may give a finer y grain size than would be attained 
otherwise, particularly if the steel is deformed at a temperature 
within the critical range (Ar, to Ar,), The ferrite forming in a 
deformed austenite has a considerably higher degree of nucleation, 
Le., many more sites at which to originate and, subsequently, the 
ferrite grains are also deformed and spontaneously recrystallized., 
Thus a very much finer ferrite grain size is attainable than that 
achieved by purely thermal treatments. If the “ hot '' working is 
continued below the Ar„ however, the time and temperature rela- 
tionships may not result in recrystallization of the ferrite, and the 
deformation then is in reality cold-working. After forming, the 
forging may be heat-treated to produce the desired structures and 
properties by treatments essentially the same as those applied to 
castings of the same composition. ' 

MICRO STRUCTURES (PLATE IX) 

Plate IX, Fig. 1. Section from an I beam; XlOO; Nital etch. 
The structure represents ferrite, with a moderately fine grain size, 
and pearhte in an amount which might represent about 0.15 per 
cent carbon. The actual ferrite grain size in any of the common 
structural steels is chiefly determined by the finishing temperature 
of the hot-roUing process and by the size of the finished section or, 
more fundamentally, by the cooling rate through the critical 
range. An analysis of this steel shows a manganese content of 
about 0.40 per cent and a silicon content of 0.15. Its mechanical 
properties are: yield point, 40,000 p.sd.; tensile strength, 60,000 
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p.s.i.; elongation, 35 per cent (2 in.), and reduction in area, 62 
per cent. 

Plate IX, Fig. 2. Section from a low-alloy, high-strength 
structural steel (see page 136) ; X 100 ; Nital etch. The analysis of 
this steel (0.13 per cent C, 0.70 per cent Mn, 0.80 per cent Si, 0.23 
per cent Cu, 0.60 per cent Cr, 0.15 per cent Ni, 0.10 per cent Mo, 
0.12 per cent Zr) accounts for the fine grain size of the ferrite, 
particularly the zirconium employed to deoxidize the liquid steel. 
Its strength properties in an I beam (Plate X, Fig. 1), would 
be yield point, 56,000 p.s.i. ; tensile strength, 78,000 p.s.i.; elonga- 
tion, 36 per cent (2 in.) ; reduction in area, 72 per cent. 

Plate IX, Fig. 3, Section from alloy structural steel (railway 
generator shaft) containing 1.25 per cent Mn and 0.10 per cent V ; 
X 100 : Nital etch. The alloying elements, particularly vanadium, 
have made this steel very fine grained, a desirable condition for its 
particular service. The carbon content appears to be about 
0.40 per cent but is actually only about 0.30 per cent. The 
smaller amount of ferrite is partly a result of a rapid cooling rate 
through the critical temperature and partly a result of the lower 
equilibrium carbon content of the eutectoid when the manganese 
content is raised. Thus with 1.25 per cent manganese, the 
equilibrium concentration of the eutectoid is displaced from 0.80 
to 0.72 per cent carbon. 

The structure of the rod is not uniform in respect to ferrite; 
some areas contain more ferrite and less pearlite than others. 
The high- and low-ferrite areas are both parallel to the rolling 
direction. The resulting handed structure is frequently encoun- 
tered in steels. It is related to a segregation of certain elements 
in the original ingot that is not removed during hot-working. 
Areas of austenite high in phosphorus are elongated into bands 
parallel to the rolling direction. Since phosphorus raises the 
critical points, specifically, the Ar, temperature, ferrite starts 
forming first in areas high in phosphorus, and this tends to dis- 
place carbon toward adjacent areas. The final result is a banded 
structure having a nonuniform distribution of ferrite and pearlite 
with respect to the rolling direction. Phosphorus is not the only 
element that can produce this effect; any nonuniformity of com- 
position of the austenite may cause it to some degree. If carbon 
were segregated (this generally would occur only by surface 
decarburization since carbon diffuses readily in austenite), areas 
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low in carbon would start to transform first, since the Ar, increases 
with decrease in carbon content. As ferrite formed, it would 
displace the carbon originally present in the area where it was 
growing toward the adjacent austenite. If manganese were 
segregated, ferrite would start forming first in areas low in 
manganese, since this element depresses the Ar„ and again band- 
ing would result. 

Plate IX, Fig. 4. Section from a steel rail; XlOO; Nital etch. 
Rails require greater strength and hardness than ordinary struc- 
tural steels and are generally made of steels approaching the 
eutectoid in carbon content. This particular rail appears to 
contain about 0.75 per cent carbon, although actually somewhat 
less than that is present (0.68 per cent); the abnormally small 
amount of ferrite resulted from fairly rapid cooling in air with a 
related depression of the Arz temperature (page 140) . There are 
a few elongated streaks of ferrite not completely confined to an 
austenitic grain boundary. These show the direction of rolling of 
the rail and are related to phosphorus segregation as in the banded 
structure of the manganese- vanadium steel. Some of the ferrite 
bands show elongated nonmetallic inclusions of either sulphides or 
oxides (of a darker color than the ferrite). 

Plate IX, Fig. 5. Section from a large steel casting; X 50; Nital 
etch. This structure represents a defective casting, not one found 
in good cast steels. It contains about 0.35 per cent carbon and 
has probably been given one heat treatment, since in some areas a 
moderately fine-grained ferrite and pearlite structure is visible. 
However, other areas have large aggregates of ferrite and, in the 
midst of these, a string of small globules is visible. At one point, 
there is an eutectic-appearing mixture of particles at the intersec- 
tion of three former austenitic grains. These are oxysulphide 
inclusions which formed in the last part of the structure to freeze, 
the austenitic boundaries. The large sections of ferrite probably 
resulted from phosphorus segregation in the same, last-freezing 
areas. The appearance of ferrite inside the former austenite 
grains suggests that one heat treatment, an inadequate one, was 
given the casting. The gross ferrite areas cause this steel to have 
poor strength properties while inclusions at the original austenitic 
grain boundaries are conducive to poor impact and fatigue strength. 

Plate IX, Fig. 6. Same casting as Fig. 5 after double heat 
treatment; X50; Nital etch. The poor structure has been elimi- 
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nated by a double anneal. First, the steel was heated 200°F. 
above the to 1750°F. (950°C.), and held for 2 hr. to homo- 
genize the austenite. After furnace cooling, the structure was 
uniform but not particularly fine grained because of coarseness of 
the high-temperature austenite grains. The steel was then 
reheated to about 25 ®F. above the A eg, held only long enough to 
ensure completely austenitizing the structure, and subsequently 
air-cooled. The final structure is uniformly fine-grained and 
would show good strength. However, the distribution of inclu- 
sions has not been changed; they are not readily visible now but 
still retain an envelope type of dispersion. While the resistance 
to impact stresses and the fatigue strength of this structure are 
superior to the values shown by the original steel, they are inferior 
to those of good castings. The form of the inclusions can be 
changed only by modifying the original melting, deoxidizing, and 
casting procedure. For example, the addition of an element 
which would raise the freezing point of the inclusions and cause 
them to solidify before the steel, would produce a uniform rather 
than intergranular dispersion. 

PROPERTIES AND ALLOYING EFFECTS 

Most common structural grades of carbon or low-alloy steels 
are used in the hot-rolled condition, for heat treatment of long 
sections is difficult and expensive. The effect of carbon content 
and of finishing temperature on the amount of peaiiite and the 
ferrite grain size has already been discussed, as well as many of 
the other variables relating to these two structural conditions 
which determine the strength properties. Steel castings, after 
being heat-treated for grain refinement of their structures, 
resemble structural steels, of comparable analyses, in most 
properties. 

When cost considerations permit, other elements may be added 
to the carbon steels, or the usual small amounts of elements 
such as manganese or silicon may be increased sufficiently to 
noticeably alter the normal mechanical properties obtained with a 
specific carbon content. This in effect comprises the usual defini- 
tion of an alloy steel. Alloying elements in structural or cast 
steels, not heat-treated for any purpose other than grain refine- 
ment, generally are elements that strengthen the metal by enter- 
ing into solid solution in the ferrite, thus giving a normal solid- 
solution strengthening effect. Nickel and silicon both fall intL 
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this classification. Manganese partly dissolves in ferrite and 
partly enters the carbide, displacing some of the iron to form 
(Fe + Mn) 3 C. All these elements, but particularly manganese, 
also act to strengthen the steel by decreasing the cai-bon content 
of the eutectoid, which causes a given carbon concentration to 
result in more pearlite and less ferrite. 

Some elements, such as chromium, molybdenum, and vana- 
dium, enter almost entirely in the carbide phase. Their strong 
carbide-forming tendency is related to the stability of the carbide 
formed, and the stability results in a slow rate of solution in 
austenite with a related tendency for fine grain size. These ele- 
ments are more generally used in heat-treated steels (Chaps. X 
and XI) although they may be utilized for structures or castings 
operating at elevated temperatures. Here, stable carbides cause 
the entire structure to be more stable or to change (by growth of 
carbide particles) more slowly with time. 

ENGINEERING APPLICATIONS 

In the fields of civil engineering and building construction, large 
structures, such as bridges and buildings, require steels of moder- 
ate cost, as specified by the A.S.T.M., in structural grades of plain 
carbon, so-called (low) silicon steel, and the more expensive 3.5 
per cent nickel steel. The yield point of the nickel structural 
steel is at least 50 per cent greater, and of the silicon steel about 
40 per cent greater, than that of the carbon steel. This is, of 
course, partly because around 0.4 per cent carbon is specified in 
the former steels while only 0.2 to 0.3 per cent carbon would be 
used in the plain carbon steel to obtain the properties designated. 

Medium-manganese steel containing, e.g., 1.60 per cent man- 
ganese, with 0.33 per cent carbon and 0.18 per cent silicon, as used 
in the main compression members of the Kill van Kull Bridge, ^ is in 
competition with the other high-strength structural steels used 
in the as-rolled condition. On cooling after hot-rolling, it tends 
to develop an extremely fine pearlite structure which probably 
accounts in large measure for its strength — yield point over 
58,000 p.s.i. and tensile strength over 100,000 p.s.i. 

In addition to the structural steels used in the as-rolled condi- 
tion, heat-treated mild carbon grade steels, of comparatively high 

1 Additional information on the steels employed in bridge structures may 
be obtained by consulting the article from which these data were abstracted, 
viz., D. B. Steinman, Metal Progress, June, 1931. 
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strength, have been available to bridge engineers since 1915. 
Heat-treated eye bars, for use at a unit stress 50 per cent higher 
than that specified for ordinary structural steel, were adopted for 
the principal tension members of the Carquinez Strait cantilever 
bridge in California. Their cost was approximately one cent a 
pound above the cost of ordinary structural steel eye bars. Sili- 
con steel was used for the towers and compression members of this 
bridge and for the towers, floor, and anchor girders of the George 
Washington Bridge over the Hudson Eiver at Fort Lee. It also 
cost about 1 cent per pound more than ordinary structural steel 
as against some 2.5 cents per pound for the standard 3.5 per cent 
nickel steel, which, in spite of high cost, has been specified for 
important members in many bridges, such as stiffening trusses in 
the Manhattan Bridge (8,000 tons from a total of 44,000 tons of 
steel in the entire bridge).^ 

Heavy steel rails are typically of eutectoid composition, with a 
minimum of about 0.50 per cent carbon for the lighter rails. 
They were formerly always used in the approximately normalized 
condition produced by air-cooling after hot-rolling. In recent 
years, however, rails subject to particularly heavy service have 
come to be heat-treated. They are usually allowed to cool from 
the hot-rolling operation to below the critical temperature, then 
reheated to the austenitic condition and the ends quenched in an 
air blast. Subsequently the entire rail is permitted to cool slowly 
in air and, in this stage, heat flow’s from the main body of the rail 
and tempers the air-cooled ends. Structural variations, from 
moderately coarse to fine pearlite, will be found in the various 
parts of the rail, Lc., the head, web, and flange, according to the 
differing cooling tendencies in these regions, while a veiy fine 
pearlitic structure is found at the ends (page 146). The heat- 
treated structure shows a somewhat higher hardness at the rail 
ends, w^hich are subjected to a greater battering effect by the 
passage of trains. In addition, the main part of the rail, although 
slightly softened by the slow cooling, show’s very much increased 
resistance to impact loads and to failures from transverse fissures 
and other internal defects. 

Specifications for steel castings cover a rather wide range 
including carbon steels and alloy steels for general industrial, or 
railroad and marine, structural purposes, as well as alloy steels for 

^See footnote on page 133. 
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valves, flanges, and fittings for service at temperatures up to about 
600°C. (dull red). 

The carbon content of the plain carbon steel castings is left to 
the discretion of the manufacturer, but it is not intended that heat 
treatment (such as liquid quenching or spraying, and tempering), 
other then annealing or normalizing, shall be required in order to 
develop the specified strength properties. On this basis, the 
carbon would normally run from 0.2 to 0.3 per cent in the soft 
castings to 0.5 or 0.6 per cent in the hardest. The chemical 
compositions range from 0.5 to 1.0 per cent of manganese and 
from 0.2 to 0.75 per cent of silicon to ensure satisfactory deoxida- 
tion of the liquid steel, while phosphorous and sulphur are not 
allowed above 0.05 and 0.06 per cent, respectively, by reason of 
their embrittling effect. 

The alloy steel castings specified by A.S.T.M. for structural 
purposes are divided into three classes according to the following 
criteria : 

The tension requirements for Class A castings are intended to 
apply to castings of such design and dimensions that they may be 
regarded as unsuitable for any method of heat treatment other 
than one that includes slow furnace-cooling from above the criti- 
cal temperature. In Class B castings, the properties are obtained 
by air-cooling, which is regarded as a safe procedure for the great 
majority of alloy-steel castings, developing in them the highest 
tensile-strength and yield-point values that can be obtained from 
the materials by any method of heat treatment except liquid 
quenching. In Class C castings, liquid quenching followed by 
tempering is the approved treatment. 

The chemical specifications limit only the phosphorus and 
sulphur to 0.05 and 0.06 per cent, respectively, and the manufac- 
turer may use carbon, silicon, manganese, and other alloying 
constituents at his discretion in obtaining the requisite physical 
properties in all three classes of castings, which range from 75,000 
to 150,000 p.s.i. tensile strength, and from 40,000 to 125,000 p.s.i. 
yield point, with elongation in 2 in. never below 10 per cent and 
reduction of area never below 25 per cent. 

Under these specifications, many types of low-alloy steel may 
be offered, such as vanadium, chromium, chromium-vanadium, 
nickel, nickel-chromium, chromium-molybdenum, or manganese 
steel. 
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The alloy steels intended for service at temperatures from 400 
to 600®C. (A.S.T.M, A157-41) are divided into two classes; ferritic 
steels of nine kinds, specifically, C-Mo, Cr-Mo, Ni-Cr, Ni-Cr-Mo, 
4 to 6 per cent Cr, 4 to 6 per cent Cr-Si-Mo, 8 to 10 per cent 
Cr~Mo, 13 per cent Cr, and two austenitic steels, 18 Cr and 8 Ni 
or 8 Cr and 20 Ni. The ferritic steels may be annealed, annealed 
and drawn (heated 150°F. above the service temperature) 
normalized and drawn, or normalized and annealed. The 
austenitic steels are given a subcritical stabilizing treatment; i,e., 
they are heated to a temperature and held there for a sufficient 
time to ensure a stable carbide structure. 

LOW-ALLOY HIGH-STRENGTH STEELS 

The, advent in the steel industry of continuous rolling mills, 
with a high productive capacity for sheet steel at a low unit cost, 
has stimulated investigations into new means of utilizing the 
product. One innovation of this character has been the develop- 
ment of a new type of steel having a considerabl}^ greater strength 
than carbon steels in the equivalent hot- or cold-rolled condition. 
The increased physical properties are achieved in most cases by 
the same type of structural modifications that have been previ- 
ously^ discussed, i.e,, by refinement of the ferrite grain size and 
solid-solution strengthening of the ferrite structure. The new 
aspect of this development enters by reason of the use of small 
amounts of expensive alloys, such as nickel or chromium, and an 
extensive use of low-cost alloying elements, such as manganese, 
silicon, coppei, or phosphorus. The effect of phosphorus on the 
properties of steel for many years was believed to be an embrittle- 
ment at low temperatures. This misconception arose originally 
fiom the many brittle failures encountered with high-phosphorus- 
content steel rails during the first winter of operation on the 
Tians-Siberian Railroad. In the latter part of the nineteenth 
century, phosphorus was known and utilized as a strengthener of 
steel. Recent work on the low-alloy (and relatively low-cost) 
high-strength steels has rediscovered this fact and outlined the 
conditions under which low-temperature embrittlement will or 
will not appear. In general, the phosphorus content of a steel 

may be considerably increased if the carbon content is low, and 
vice versa. 
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The increased strength of the low-alloy steels has permitted use 
of the thinner sections that may be readily produced by a continu- 
ous mill, and despite the higher steel cost per unit of weight, the 
lesser weight of the final structure may result in direct metal-cost 
economies as well as obvious but less determinate savings possible 
when the lighter structure is one that is moved a freight car, 
truck body, etc.). However, the use of thinner sheet metal 
required a compensating improvement in corrosion resistance to 
prolong the useful life of the structure. The addition of copper 
(and phosphorus) is effective in somewhat improving the resist- 
ance to weathering as well as increasing strength, but generally 
painting must still be relied upon for adequate protection. 

QUESTIONS 

1. How would it be possible to differentiate between three hot-rolled steel 
specimens of identical shape, size, and carbon content, if one had been 
produced by the acid Bessemer, one by the basic open-hearth, and one by 
the basic electric process? 

2. What might be the difference found in the structure and properties of 
rivets heated to about 2000°F. and then hammered (a) at 1900®F., (6) at 
1325°F., (c) at 600°F.? 

3 . What is the difference, if any, between the strength of large- and small- 
section commercial hot-rolled steel shapes? Why? 

4 . Cast or forged carbon steels of the same composition can be heat 
treated, i.e., normalized and annealed, to attain approximately the same 
Brinell hardness and tensile strength. What would be their relative posi- 
tions with regard to ductility and directionality of properties ? 

6. Why is the structure of cast hypoeutectoid steel coarse when in the 
as-cast condition? What structural elements are present? 

6. How would you refine the grain of cast steel containing 0.30 per cent 
carbon? 0.60 per cent carbon? 

7. When should a double annealing heat treatment be given steel castings 
and when would it be unnecessary ? Would it be as necessary for large a s f or 
small sections? 
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THEORY OF HEAT TREATMENT OF STEELS 

Steels may be heat-treated in order to accomplish one or more 
of the following objectives: (1) the elimination of hydrogen, dis- 
solved during pickling or electroplating, which causes brittleness; 
(2) relieving microstresses in the atomic lattice that increase 
brittleness (tempering or drawing); (3) relieving macrostresses 
that may cause distortion upon machining or failures in service 
(stress-relief annealing) ; (4) eliminating the effects of cold-work 
(subcritical or process annealing) ; (5) changing the stmcture to a 
more uniform condition (normalizing) ; (6) changing the structure 
to a softer or more machinable condition (annealing, full or 
spheroidizing types) ; or (7) enhancing the strength and hardness 
properties to a marked extent (hardening, usually followed by a 
tempering treatment). Of these heat treatments, type 1, per- 
formed at 250 to 450°F., is accompanied by no visible change in 
the microstrueture and, with 4, is not included in this discussion. 

FORMATION OF AUSTENITE 

Almost all steels, except the highly alloyed austenitic types, 
consist of the stable phases, ferrite and carbide, when they are 
machined or otherwise formed to shape prior to final heat treat- 
ment. The first step in the heat treatment is to austemtize the 
steel; i.e., heat the metal to a temperature above the A,,„ or above 
the Ac, if it is of hypoeutectoid composition. The austenite does 
not immediately form as a homogeneous phase throughout the 
structure. Some time is required for the initial austenite nuclei 
to grow by absorbing the surrounding ferrite and carbide crystals. 
Even after the structure has completely transformed to austenite, 
it is not necessarily homogeneous; areas which were formerly 
ferrite may be somewhat low in carbon, and those formerly 
carbide may be high in carbon concentration. In the case of a 
hypoeutectoid steel, some time may be required for carbon to 
diffuse into areas which were previously large masses of ferrite. 
Hypereutectoid steels are hardened from a temperature between 

138 
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the A cm and the Ai lines; hence some undissolved carbides remain 
in the austenite, and the austenite in the vicinity of these carbides 
does not immediately have the same carbon content as it has 
elsewhere. 

The time required to obtain homogeneous austenite varies with 
the maximum temperature reached and the structural character- 
istics of the original ferrite-carbide matrix. The higher the tem- 
perature to which the steel is heated in the y held, the shorter will 
be the time required for carbon diffusion to erase nonuniformities 
in carbon distribution. For example, a normalized eutectoid 
carbon steel requires about 5 sec. at 780°C. or 100 sec. at 730°C. 
to transform about 99.5 per cent to austenite. However, it 
requires about 200 sec. at the 780°C. to dissolve all carbides, and 
in the vicinity of 10,000 sec. (nearly 3 hr.) to attain a completely 
homogeneous austenite. At 810°C., homogeneous austenite is 
obtained in 1,000 sec. (about 17 min.).^ A finely spheroidized 
carbide structure austenitizes most rapidly, next a fine peaiiitic 
structure, then, most slowly, a coarse peaiiitic or spheroidized 
structure. 

If the prior structure consists of large masses of ferrite or con- 
tains coarse crystallites of cementite, the austenitizing time is 
noticeably longer at any specific temperature. If the carbide 
phase is not simply FesG but contains chromium, molybdenum, 
vanadium, or tungsten carbides which are relatively stable and 
slow to dissolve, then homogeneous austenite is rarely attained by 
the ordinary times and temperatures utilized in industrial prac- 
tise. A higher temperature that would completely dissolve the 
alloy carbides and homogenize the austenite is undesirable for 
reasons of possible and undesirable austenitic grain growth or 
quenching stresses (page 150) or, relatedly, danger of distortion or 
cracking upon quenching. However, the subsequent discussion 
of heat treatment is predicated upon starting with homogeneous 
austenite except when the contrary is explicitly stated. Further- 
more, the discussion applies only to carbon steels except when 
otherwise specified. 

ISOTHERMAL TRANSFORMATION OF AUSTENITE 

In the iron-carbon diagram of Fig. 10 (page 110), the equilibrium 
line indicating the temperature at which austenite eutectoidally 
Trans, A,S.M., 29, 813, 1941. 
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transforms to the ferrite-carbide aggregate known as pearlite is 
called the Ai line. The diagram also shows a lower position of 
this same line labeled the Ar^, where austenite transforms to 
pearlite upon cooling at a rate faster than that required to main- 
tain equilibrium conditions. The Ai temperature has a fixed 
equilibrium value, but the Ar^ temperature (and also the Ar,), 
resulting from undercooling, varies with the speed of cooling. 

A similar displacement of lines in phase diagrams has been men- 
tioned, quahtatively, in every other system discussed so far. The 
effect in iron-carbon alloys, however, is of such direct importance 
in practical heat treating that a more quantitative treatment is 
desirable. Such a treatment is experimentally possible by 
quenching small sections, from a temperature in the homogeneous 
austenitic range, into a bath at a temperature below the Ai line 
and noting the time required for transformation to start and the 
time necessary for completion. When this procedure, isothermal 
or constant-temperature transformation, is carried out at a number 
of temperatures from the Ai line to room temperature, a tempera- 
ture-time graph, such as that shown in Fig. 11 , is obtained. 

At the top of this graph, the horizontal line directly below the 
designation stable austenite represents the Az temperature of a 
hypoeutectoid steel or the A cm temperature of a hypereutectoid 
steel. The actual value of this temperature, in either case, would, 
of course, be a function of the carbon content of the steel. The 
next horizontal line represents the Ai temperature of 723°C. 
Under equilibrium conditions, this temperature range (A 3 or A cm 
to Ai) would call for austenite and ferrite in steels with less than 
0.8 per cent carbon, or austenite and carbide for steels with more 
than the eutectoid carbon content. The dashed line traversing 
this intermediate field, in a right, upward direction, shows the 
time required for ferrite or carbide to start separating from the 
austenite at any specific temperature between the A 3 (or A cm) 
and A I points. 

The roughly parallel /S-shaped lines below the Ai define the 
time required for the y:f± a + FesC reaction to start (marked 
start) and be completed (marked end) at any specific tempera- 
ture in the indicated range. The transformation is slow to start 
and be completed at temperatures just under the critical, but the 
delay in starting and the time required for completion decrease as 
the temperature drops to about 550°C. (about 1000°F.). In this 
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range, the greater the degree of undercooling, the more unstable 
austenite becomes, or in other words, the greater is the urge to 
transform. Down to about 550°C., this effect is dominant over 
the associated difficulty in transformation resulting from the 
formation of two phases of far different carbon contents, a (0.04 
per cent C) and FesC (6.7 per cent C), from a homogeneous solu- 
tion. The transformation in this range results in a pearlitic 
aggregate of the two phases, and their formation involves diffu- 
sion of carbon. If the degree of unstability is low and the rate of 
reaction slow, plenty of time is availabffi for diffusion. The ferrite 
and carbide then form coarse, lamellar peaiiite with an associated 
low hardness. As the temperature of austenitic transformation 
decreases (toward 550°C.), the rate increases, the time available 
for carbon diffusion is less, and, consequently, the pearlite 
lamellae become increasingly finer, or closer together, vdth a 
related increase in hardness. 

The mechanics of the transformation in this range is partially 
known. Carbide formation initiates the process, and presum- 
ably, as carbide forms, the adjacent austenite becomes depleted 
in carbon, thus less stable (c.^., note the course of the As line with 
carbon concentration) and ultimately an adjacent layer of ferrite 
forms. As the a phase forms with little (0.04 per cent) carbon in 
solution, that element diffuses to the adjacent austenite which 
eventually becomes supersaturated, carbide again forms, and so 
forth. The formation of coarse pearlite at high temperatures 
seems to conform to this description in that the structure appar- 
ently develops by alternate deposition of ferrite and carbide, but 
finer peaiiites seem to show simultaneous growth of both phases 
at their open ends in contact with austenite (Plate X, Figs. 4 
and 5). Crystallographic relationships seem to be well defined 
for the coarse pearlite in which the carbide-ferrite lamellae are 
quite straight. As the lamellae become finer, they are subject to 
greater distortion and bending with a loss in obvious crystal- 
lographic relationships. 

If the steel is of hypo- or hypereutectoid carbon content, then 
before austenite transforms to pearlite, it. must reject excess 
fernte or carbide at its grain boundaries until the carbon content 
reaches the limiting pearlite concentration for the temperature 
involved. This process will occur between the Az (or Aom) and 
the A I temperatures, leaving residual stable austenite. At tern- 
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peratures successively lower than the Ai, the time permitted for 
rejection of excess ferrite or carbide decreases, the amount formed 
before the peaiiite reaction starts becomes less, and, consequently, 
the carbon content of pearlite is not fixed but is a function of the 
temperature of transformation and carbon concentration in the 
austenite. 

The pearlite transformation is initiated at austenitic grain 
boundaries. If hypo- or hypereutectoid steels are very slowly 
cooled so that the reaction occurs just below the temperature, 
pearlite usually grows into only one austenite grain since excess 
carbide or ferrite is present at the boundary. In eutectoid steels, 
with no excess phase at the austenite boundaries, the pearlite 
nodules tend to grow across the boundaries and become larger 
than the former 7 grains. Upon more rapid cooling with the 
eutectoid reaction occurring near the Ar' point or in the 550°C. 
range, peaiiite grows from an austenitic boundary, in a roughly 
spherical form, into all adjacent austenite grains, since in many 
hypo- or hypereutectoid steels (0.6 to 1.2 per cent C) there is no 
excess phase at the 7 grain boundaries to prevent this growth. 
The large number of nuclei, however, now cause the pearlite 
nodules to be much smaller than the original austenite grains. In 
a polished section, the peaiiite has a nodular form, and excep- 
tional micrographic technique is required to resolve the individual 
ferrite-carbide lamellae. This structure was, until recently, 
called primary troostite, but the term should no longer be applied 
to this structure which differs only in fineness or degree, not in 
kind, from the higher temperature, coarser pearlites. 

At temperatures between about 550 and 200°C, (1000 to 
350°F.), more time is required for the transformation of austenite 
to start, and the subsequent rate of transformation decreases. In 
this range of temperatures, while the degree of unstability of 
the austenite continues to increase, the retardation force, arising 
from very slow diffusion of carbon and the greater rigidity of the 
austenite lattice, becomes increasingly important and over- 
balances the increased urge to transform. Structures in this 
range vary from a feathery aggregate of ferrite and very fine 
carbides at around 450°C. to groups of dark-etching, lens-shaped 
(but more angular) needles with no visible carbides at around 
200°C. All of these structures are called “bainite.” They are 
basically different from pearlites; e.g., the ferrite in pearlite has 
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one crystallographic relationship to austenite, while in bainite it 
has quite a different relationship, actually one similar to that 
shown by hypoeutectoid ferrite separating from austenite. The 
difference presumably indicates that, whereas pearlite formation 
is initiated by carbide separation, bainite is initiated by ferrite 
separation.^ 

Below 200°C., the rate of isothermal transformation of austen- 
ite apparently, again increases. The experimental evidence on 
this point is controversial; some suggests that below the 200°C. 



Fig. 12. — Two unit cells of the face-centered cu})ic lattice (7 Fc) with specific 
atom-s marked with black centers to indicate the structure might also be con- 
sidered as body-centered tetragonal. 

temperature, austenite is stable as long as the temperature is 
uniform but transforms as soon as the temperature falls. Other 
work seems to indicate the contrary, that the rate of transforma- 
tion does increase while the time required to start decreases. 
Since there is no theoretical reason for the rate to increase, yet it 
effectively seems to, the S curve showing the start and end of the 
transformation in this temperature interval has been drawn as a 
dashed hne. 

The structures formed below about 200^^0. are also lens-shaped 
needles, similar in shape and appearance to the bainitcs formed at 
shghtly higher temperatures, but have slower etching cliaracteris- 
tics and, therefore, are usually lighter in color. The structure, as 
freshly formed, is called white martensite. Whereas carbide is 
readily visible in pearlite and detectable by X-rays in bainite, no 
carbides have been found in freshly formed martensite by any 
experimental means now available. The lens-shaped, angular 
needle structure of- martensite is frequently called acicular (from 
the Latin word meaning needle-shaped). The structure shows an 

1 Smith and Mehl, A.LM.E. Tech. Pub. 1459, 1942. 
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apparenily clear-cut crystallographic relationship to a specific set 
of planes of the austenite (see Plate X, Fig. 13) which, however,- 
is not a simple plane such as the octahedral (plan 6 of slip and 
twinning) d 

Freshly formed martensite has been found to have a body- 
centered structure which is not cubic but tetragonal. A simple 
(but unfortunately, inaccurate) explanation of this structure 
appears in Fig. 12. If the atoms in the center of the top and 
bottom faces of two unit cells of the face-centered cubic austenite 
lattice are linked with the five atoms on the plane joining the two 
cells, these nine atoms are found to constitute a body-centered 
tetragonal structure. If, as in this case, the height of the tetragon 
happens to be 2 / \/2 times the edge of its base, the structure is 
designated by its more symmetrical form, face-centered cubic. 
Thus, to change from a face- to a bod^^-centered cube ( 7 ^ a) the 
lattice need only contract in one dimension and expand in the 
other tv/o. At one time it was believed that, when martensite 
formed at a lower temperature, this process of comfression halted 
before reaching completion. This explanation of the mechanism 
of martensite formation, first proposed by Bain, while simple and 
logical, is not in accord with the known ciystallographic data and 
thus the actual process must be more complicated. The transfor- 
mation meclianism Ix^st accounting for the observed crystallo- 
graphic relationship between martensite and the parent austenite 
is that proposed by Kiirdjumow and Sachs, which involves a 
shearing movement of atoms on specific planes of the austenite in 
a manner analogous to the shearing movements accompanying 
mechanical twinning. 

The reason for martensite etching white, while low-temperature 
bainite etc'hes dark, probably is related to the distribution of 
carbon. During the formation of martensite, there is neither 
time nor sufficient atomic mobility for carbide to form (to a 
detectable size); the transformation occurs with no measurable 
diffusion and presumably the carbon atoms are trapped to form a 
very supersaturated solution in the body-centered lattice or it 
may form a highly disperse, perhaps colloidal, precipitate of 
carbide. Bainite, forming more slowly and at a higher tempera- 
ture, permits the carbide to precipitate in a disperse form which 
causes the structure to etch rapidly and have a black appearance. 

^ Greninger and Troiano, Trans. A.I.M.E., 140 , 307 , 1940 . 
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The lines on the diagram (Fig. 11, page 141) marked 1, 2, 3, 4, 
and 5 represent cooling curves superimposed on the isothermal 
transformation graph. The curves are started at the Ai line 
since, at least for an eutectoid steel, the rate of cooling from the 
austenitizing temperature to the Ai line is of no significance. 
The austenite is stable and of uniform composition above this 
critical temperature. Line 1 represents a typical cooling rate 
obtained by permitting the steel to cool in the furnace, assuming 
the heat supply is turned off and the furnace is left closed. This 
annealing treatment permits soft, moderately coarse pearlite to be 
fprmed at the temperature (about 690°C.) with an almost 
equilibrium amount of excess ferrite or carbide, depending on the 
carbon content. During the transformation to moderately 
coarse pearlite, the release of the heat of the eutectoid reaction 
(recalescence) prevents the temperature from dropping continu- 
ously as is indicated by Line 1, and it may rise somewhat. 
Generally the temperature at the approximate end of the reaction 
will at least be nearly the same as at the start ; in this case, the 
reaction would probably be completed at about 690®C. (1275°F.). 
Once the reaction is complete, the cooling rate is of little impor- 
tance since the phases present in the structure are stable. The 
only effect of quenching after about 300 sec. at 690°C., for 
example, would be to develop some stresses of the same type as 
were discussed for aluminum alloys (page 91). Long holding at 
690°C., on the other hand, would only result in an eventual 
spheroidization of the lamellar carbides with some related soften- 
ing of the structure. 

Line 2 represents a typical cooling rate obtained by air-cooling a 
fairly heavy section. This might be a normalizing treatment, 
giving moderately spaced pearlitic lamellae of an intermediate 
hardness, and a smaller amount of the excess phase. Again, the 
cooling rate after the pearlite forms (in about 100 seconds at 
670°C.) is of little consequence. Line 3 represents a typical 
cooling rate obtained by air-cooling a thin section (or oil-quench- 
ing a heavy section) resulting in a fine pearlitic structure with a 
fairly good hardness. This completely black etching structure 
was formerly called primary sorbite since no lamellar characteris- 
tics can be observed by ordinary examination of the structure. 
This is the lowest temperature of transformation to a completely 
pearlitic structure and the temperature at which it occurs is called 
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the 1/. Very little time is available for the separation of excess 
ferrite or cementite so the carbon content of this very fine pearlite 
is variable; it may be from about 0.6 to 1.2 per cent, depending on 
the carbon content of the steel. Line 4 represents the cooling 
curve obtained by oil-quenching a moderately sized section of a 
water-hardening carbon steel. It will be noted that at around 
550°C., it reaches a point about midway between the “start” and 
“end” of the transformation to fine pearlite, which means that 
about 50 per cent of the austenite thus transforms. The residual 
austenite remains unchanged until the cooling curve intersects 
the S curve at around 150°C. at which time the y phase trans- 
forms to martensite. Although the cooling curve traverses the 
completely austenitic field between 400 and 150°C., ferrite and 
carbide formed below the Ai line are stable and can not retrans- 
form to austenite. 7Vds graph is not a phas'e diagram. The steel 
now consists of nodular, fine pearlite (formerly called primary 
troostite) outlining the former austenitic grains with white 
martensite representing the remainder of the structure. The 
aggregate has a hardness intermediate between that of fine 
pearlite and that of martensite. This condition indicates an 
unsuccessful quench, if a completely hardened, martensitic struc- 
ture was desired. Since part of the austenite transforms at a high 
temperature (A/) and part at a low temperature (A/'), the result- 
ing structure is said to have originated from a split transformation. 

Line 5 represents the probable cooling curve obtained by 
water-quenching a small-sized section. The structure is com- 
pletely martensitic except for the possible presence of some 
untransformed austenite. The maximum amount of residual 
austenite found in quenched carbon steels increases with carbon 
content, from approximately zero at 0.55 per cent carbon 
to perhaps 15 or 20 per cent in a 1.30 per cent carbon steel. 
Throughout this range of carbon content, the martensitic hard- 
ness is about the same, C65-67, although when the amount of 
residual austenite approaches 15 to 20 per cent, the hardness may 
be very slightly lower, e.g.^ C63-64. 

It should now be clear that successful hardening requires cool- 
ing, particularly from 723 °C. to 550°C., in a time less than that 
required for fine pearlite to form at the “nose” of the >S curve. 
Since heat is abstracted directly by the cooling medium only 
from the surface of the steel, the cooling rate at various depths 
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below the surface, in conjunction with the time position of the 
nose of the S curve, will also determine the depth of the com- 
pletely martensitic structure. The depth of hardening under 
controlled experimental conditions is called the hardenability ; the 
word does not refer to the degree of hardness but the depth of useful 
hardness. The entire control of hardenability is based on control 
of the time required for initiation of the transformation to fine 
pearlite at the Ar temperature of about 550°C. (1000°F.). 
Factors affecting this time are: 

1. Austenitic grain size. Since the fine pearlite starts to form 
at austenitic grain boundaries, fine-grained austenite transforms 
more quickly at around 550°C. Steels with fine-grained austen- 
ite then tend to be shallow hardening while those with coarse- 
grained austenite harden to a greater depth. 

2. Austenitic .homogeneity. Since the pearlite reaction is 
nucleated by carbide formation, residual carbides or localized 
areas of austenite rich in carbon cause the pearlite reaction to 
start sooner and thus contribute to shallow hardening. For 
example, it has been found^ that the rate of nucleation at 680®C. 
may vary by a factor of 1,000 between 5 and 90 min. of austenitiz- 
ing (at 900®C.)^ resulting in a change of reaction time from 
1 to 7 min. However, at the significant Ar point, this factor 
is less important. 

3. Austenitic composition. Alloying elements wdiich, in addi- 
tion to carbon, must diffuse during pearlite formation, necessarily 
slow up the rate of its formation and increase the time required 
for diffusion to establish the conditions permitting the reaction to 
start. The chief distinction between water-, oil-, and air-harden- 
ing steels is in the position of the nose of the S curve. In the 
graph shown here (for carbon steels) only water-cooling, line 5, 
completely avoids the high-temperature transformation at the 
Ar region. If some manganese, nickel, or chromium is added, 
the S curve may be displaced to the right sufiSciently for line 4 to 
exceed the critical cooling rate. Finally, appreciable amounts of 
these elements or combinations of them with perhaps others, such 
as molybdenum, might so slow up the rate at around 550°C. that 
even air-cooling, such as shown by line 3, would permit the steel 
to form martensite. Isothermal transformation curves of these 
alloyed steels may be considerably more complicated- than the 

^ Mehl, he . cit . 

* Hayenpokt, Trans. A.S.M., 27 , p. 837 , 1939 , 
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one shown for carbon steels (e.g., some of the bainite structure can 
form upon direct cooling of some alloy steels), but their signifi- 
cance is similar, 

VOLUME CHANGES AND RELATED STRESSES ACCOMPANYING 
TRANSFORMATIONS 

The transformation of austenite into pearlite or martensite is 
accompanied by an expansion of the steel and the release of 
thermal energy. The critical temperatures {Ar and Ac values) 
may be determined by measuring dimensional changes with 
temperature (by use of a dilatometer) or by cooling or heating 
curves (thermal analysis). A simple demonstration of both 
dimensional and thermal changes may be made by stringing a 
piano wire, which is always made of approximately eutectoid 
steel, between two supports with electrical contacts.^ (A 12-ft. 
length of 0.034-in. wire can be used directly across an ordinary 
110-volt alternating-current power supply.) A current is passed 
through the wire to raise its temperature above the Aci, and then 
the current is shut off to permit the wire to cool in air. It sags 
during heating, but, since the rate of heating is seldom uniform 
along its length, the transformation to austenite at the Ac, 
temperature is not readily detected. As it cools, however, the 
sagging wire rises steadily as the austenite contracts with drop in 
temperature. Because of rapid cooling of the thin section in air, 
the steel does not transform until it reaches a dark-red color, 
corresponding to a temperature of about 550 to 600°C. As it 
then transforms to fine pearlite, the wire becomes visibly hotter, 
an effect commonly called recalescence. The expansion, resulting 
both from the transformation and the rise in temperature, causes 
the wire to sag suddenly. Then, as the transformed structure 
continues to cool, the suspended wire resumes its slow contrac- 
tion and steady rise to its original position. 

Upon slow cooling, as in a furnace, there is not any great tem- 
perature difference or gradient between the outside and center of 
even fairly heavy sections; all of the transformation occurs at a 
high temperature (the An), and the expansion accompanying the 
transformation is accommodated by deformation of the plastic 
metal. Under these circumstances, there cannot be any appreci- 
able residual stresses. When a heavy section, such as a steel roll 

^ United States Steel Corporation, Research Laboratory. 
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casting 1 ft. thick, is cooled in air or a liquid medium, the outside 
may reach the transformation temperature and expand \¥hile the 
center is much hotter and still completely austenitic. To 
accommodate the surface expansion, the metal in the central 
region is pulled toward the surface and the ends may be forced in 
and become slightly concave. Well after the surface section has 
transformed and resumed its normal contraction, the central 
section reaches its transformation temperature and starts expand- 
ing. In order to conform to an expansion of the interior, the 
surface layers must expand. Since they are contracting at this 
time, the enforced expansion takes place by plastic flow, but at a 
much lower temperature and in metal having less plasticity than 
was the case upon furnace-cooling. If the roll has been quenched, 
this stage of the cooling cycle may find the surface in a brittle 
martensitic condition, not able to deform plastically, and surface 
sections may spall off, sometimes with explosive violence. 
Assuming that the surface plastically conforms to the expanding 
core, the final stages of cooling find the center, which transformed 
at a higher temperature and consequently is hotter, contracting 
more than the surface and now tending to pull it inward. This 
tensile pull of the center is balanced by the compressive elastic 
strength of the surface so that, when the metal is uniformly at 
room temperature, there is a residual tensile stress in the center 
and a residual compressive stress at the surface. 

The presence of residual stresses is not confined to steel sections 
1 ft. in thickness; it may be found in all metals (see page 91 for 
aluminum alloys) and in sizes less than 1 in. thick, if cooling from 
a high temperature was sufficiently rapid to produce a marked 
temperature differential between the surface and center sections. 
A high quenching temperature usually results in greater tempera- 
ture gradients and thus introduces greater stresses with a related 
increase in the danger of cracking or distortion. The stresses 
described above act in a circumferential direction on cylindrical 
specimens, but these are also accompanied by longitudinal 
(lengthwise on the surface) and radial (from surface to center) 
stresses. The stresses result in a displacement of the normal 
atomic spacing. If the crystal lattice is more or less uniform, 
they may be detected by X-ray measurements. They may also 
be detected mechanically by machining off surface layers (or 
splitting tubes, etc.) since, when part of the metal in a balanced 
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elastic stress system is removed, the remaining unbalanced 
stresses cause some deformation or distortion. ^ This is fre- 
quently a problem of considerable magnitude in machine shop 
work. 

Residual stresses may be relieved thermally by heating to a 
temperature sufficiently high to permit plastic deformation. The 
elastic limit of metals decreases rapidly at elevated temperatures 
and, since stresses arc elastically balanced, they are diminished by 
internal flow. They arc also reduced by an external or gross 
deformation; stretching the rod causes more flow in sections 
previously under tensile stresses and may eventually reverse the 
stress in sections under originally compressive forces, resulting in 
an equalization effect upon release of the external force. 

Martensite, forming in relatively cold austenite, may be subject 
to stress of a much greater magnitude (since the elastic limit is 
higher) but on a much smaller scale. The first plates of martens- 
ite forming in plastic austenite may expand without trouble. 
When the adjacent austenite later transforms to martensite, the 
accompanying expansion is opposed by contact with the previ- 
ously formed martensite. Thus the first martensitic needles are 
under a high, localized, elastic tensile stress with their newer 
neighbors balanced in compression. Minute cracks have been 
detected in the martensitic structure after etching and examining 
at a high magnification. The cracks may be a stress-corrosion 
(etching) effect, but they do suggest one cause for the brittleness 
of martensite. 


TEMPERING OF MARTENSITE 

Freshly formed martensite has been described as a body- 
centered tetragonal structure, under high microstresses, and 
greatly supersaturated with carbon or containing very disperse 
carbides. Reheating of martensite would be expected to permit 
a reversion to the stable body-centered cubic lattice, internal 
readjustments to relieve stresses, and, on the basis of the previous 
discussion of age-hardening, precipitation of carbide particles 
followed by growth or agglomeration of these carbides, as per- 
mitted by temperature and time. Upon tem'pering or drawing at 
successively higher temperatures for a constant time of 1 hr., the 

^ Sachs and Van Hoen, ‘Practical Metallurgy,” A.S.M., 1940. 
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whole process can be divided up into stages on a rather arbitrary 
basis which, nevertheless, has a practical significance. 

150 to 230°C. (300 to 450°F.); the tetragonal lattice becomes 
cubic, residual austenite transforms (probably on cooling from the 
draw), carbide precipitation causes the martensite to etch more 
rapidly and to a blacker structure called tempered or black 
martensite. Hardness may increase slightly in the lower end of 
the range, but, despite the transformation of residual austenite, 
growth of carbides in the upper temperature range decreases hard- 
ness slightly, from C65 to C60-63. Carbides remain too small, 
however, to be resolved by the microscope. 

230 to 400°C. {450 to 750°F.) ; growth of carbides in a globular 
form continues, although they still may be unresolvable by the 
microscope. Their general distribution causes the entire struc- 
ture to etch rapidly and to a black mass which is called troostite. 
Hardness continues to decrease, from about C62 to about C50. 

400 to 650®C. (750 to 1200°F.) ; growth of carbides continues to 
the point where they can be resolved at high magnifications 
although the structure appears dark and indistinct at magnifica- 
tions up to about 500 diameters. The structure is called sorbite 
and includes hardnesses in the range C45 to C20. 

660 to 723°C. (1200 to 1335°F.); continued growth of carbides 
brings them to a size that may be resolved at X 500 although 
their form may be better seen at X 1,000. They appear as 
globular particles in a continuous ferrite matrix which now 
becomes visible as a separate phase for the first time although 
grain growdh of the ferrite has undoubtedly accompanied carbide 
growth in earlier stages. The structure is called spheroiditej 
and it is naturally soft, from C20 to C5, tough, and gummy to 
machine. (Spheroidal carbide structures may also be obtained 
by heating pearlitic structures in the same temperature range, 
since carbides tend to assume the shape having least surface area 
or lowest energy. A long time is required to spheroidize peaiiites, 
and the minimum size of the ultimate spheroids is limited by the 
size of the lamellae from which they develop.) 

SUMMARIZING OF THEORY 

Pearlite is the lamellar aggregate of ferrite and carbide /o?'med 
only from austenite upon slow to moderately fast cooling rates, 
between the Ai and Af temperatures. The faster the cooling 
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rate, the more rapidly is the pearlitic structure developed, with a 
related increase in fineness of the lamellae and hardness of the 
aggregate. The more rapidly pearlite is formed, the less time is 
available for the separation of excess ferrite or carbide, with the 
result that pearlite is of a fixed carbon content only when formed 
under very slow cooling conditions. Further increase in the 
cooling rate of austenite causes at least some of it to remain 
unchanged until acicular white martensite forms at the A/' 
temperature, and, after attaining or exceeding a critical rate, only 
martensite is formed. Reheating of martensite causes precipita- 
tion and growth of granular carbides in a ferrite matrix with a 
continuous change in hardness. The terms, tempered martens- 
ite, troostite, sorbite, and spheroidite, apply to certain ranges of 
structural aggregates of ferrite and granular carbides, arbitrarily 
selected on the basis of hardness, etching behavior and micro- 
graphic appearance. 

MICROSTRXTCTXJRES (PLATE X) 

Plate X, Fig. 1. Austenitic, 18 per cent Cr -8 per cent Ni, 
steel ; X 200 ; 1:2:3 proportions of HN 0 3 : HCl : glycerin etch. A 
highly alloyed grade of steel is required to demonstrate the struc- 
ture of austenite since that phase cannot be successfully preserved 
at room temperature in a carbon steel even by drastic quenching. 
This structure of wrought stainless steel, quenched from 1900®F. 
(1050°C.), is directly comparable to that of any face-centered 
cubic metal after deformation and annealing; it shows polygonal 
grains containing a few annealing twin bands. (Some undis- 
solved carl3ides are present as a result of the short holding time 
of 10 min. at 1900°F.) 

Plate X, Fig. 2. Same 18-8 steel, reheated 20 hr. at 1250°F. 
(680°C.) ; X 1,000; same etch. This steel is of a commercial grade 
known as Type 302, containing 0.12 per cent carbon. Carbon is 
soluble up to 0.20 per cent at 1950°F. but only to about 0.03 per 
cent at 1250°F. Reheating in the range 1150 to 1400'^F. (620 to 
760°C.) permits carbides to precipitate at the austenitic grain 
boundaries (sec next section on properties). The arrowhead- 
shaped plates of a different color represent ferrite which separated 
from the austenite (at 1250°F., equilibrium calls for 7 , a, and 
carbide phases to be present). 
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Plate X, Fig. 3. Razorblade steel with 1.2 per cent C, austen- 
itized at 1000°C. (1830°F.), held 50 sec. at 710^0, (ISIO^^F.) and 
quenched in water; X 1,000; Picraletch (page 116) ; hardness C65. 
This specimen has been held long enough to cross the dotted line 
of the isothermal transformation graph (Fig. 11, page 141) but 
not to reach the line indicating the start of pearlite formation. 
Carbides outline the former austenitic grains which transformed 
to white martensite in the water quench. Note the compara- 
tively large size of the austenitic grains. 

Plate X, Fig. 4. Same 1.2 per cent C steel, austenitized at 
1000'’, held 100 sec. at TIO^C., and then quenched; XIOOO; Picral 
etch; hardness C40. The transformation of austenite to moder- 
ately coarse pearlite is about one-third completed. Note in the 
upper left corner of this structure that pearlite is growing into an 
austenitic grain in two directions, at the sides and at the ends of 
the lamellae. Pro-eutectoid (excess) carbide is visible at the 
austenitic boundaries. 

Plate X, Fig. 5. Same 1.2 per cent C steel, austenitized at 
1000°, held 20 sec. at 680°C. (1250°F.), and then quenched; 
X 1,000; Picral etch; hardness C46. The reaction at this lower 
temperature, yielding a finer pearlite, is about one-third complete 
in a much shorter time. The front of the pearlite “nodules’^ 
shows that growth is chiefly at the ends of the pearlite lamellae at 
this temperature. Growth is mainly from the former austenite 
boundaries into one adjacent grain. At this temperature, only a 
trace of pro-eutectoid carbide has been able to form at the grain 
boundaries of the y phase. 

Plate, X, Fig. 6. Same 1.2 per cent G steel, austenitized at 
1000°, held 5 sec. at 650°C. (1200°F.), and then quenched; 
X 1,000; Picral etch; hardness C55. The transformation, here 
about 15 per cent complete, has started much sooner at this 
temperature near the nose of the S curve, and the pearlitic struc- 
ture is much finer, so fine that it is not resolved in this slightly 
overetched structure. The martensitic needles, in areas which 
were austenite before quenching, are more evident here because 
of the overetching. Note the nodular appearance of the fine 
pearlite areas (which formerly were called primary troostite) and 
their characteristic radiation into two austenitic grains from the 
boundary. This structure is typical of a steel quenched at some- 
what less than the critical cooling rate. The short time at 600°C. 
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has not permitted excess carbide to form at the austenitic gz^ain 
boundaries, but the austenite grain size is revealed by the fine 
peaiiite nodules at the boundaries. 

Plate X, Fig. 7. Same 1.2 per cent C steel, austenitized at 
850"C. (1540"F.), held 5 sec. at 710"C. (1310"F.), and quenched; 
X 1,000; Picral etch; hardness C65. In this and the following 
structures, the same steel was austenitized below the A cm line, in a 
commercial hardening temperature range at which the spheroid- 
ized carbides are not completely dissolved. Cementite has 
started to form at the austenitic grain boundazies much sooner 
than in the comparable specimen (Plate X, Fig. 3) which was 
austenitized at a much higher temperature. Note the fine 
austenitic grain size in the present specimen, austenitized at a 
lower temperature. 

Plate X, Fig. 8. Same 1.2 per cent C steel, austenitized at 
850°C., held 10 sec. at 710°C., and quenched; X 1,000; Picral 
etch; hardness C65. After a somewhat longer holding time, 
cementite at the grain boundaries and residual pai'ticlos have 
thickened, but the pearlitic reaction has not yet started. 

Plate X, Fig. 9. Same 1.2 per cent C steel, austenitized at 
850°C., held 30 sec. at 710°C., and quenched XI, 000; Picral etch; 
hardness C41. B}'- now, the pearlite reaction has reached a stage 
of about. 40 per cent completion. Note that coarse pearlite has 
grown from the gi-ain boundaiy into just one austenitic grain. 
Comparison of this structure with that of Plate X, Fig. 4 shows 
that while the fine-grained austenite transforms more quickly, the 
resulting pearlite spacing is similar. 

P^ate X, Fig. 10. Same 1.2 per cent C steel austenitized at 
850°C., held 100 sec. at 710°C. and quenched; X 1,000; Picral 
etch; hardness C21. The transformation is complete but not 
simply to pearlite. While some grains show this lamellar struc- 
ture, othei-s show merely coarse globular carbides. This is one 
form of a so-called “abnomal” but veiy frequently encountered 
type of stracture. In the abnormal structure, carbides continue 
to form on carbides already present, which here were globular, so 
that the transformed structure contains large globular carbides 
and ferrite. Sometimes the excess grain boundary carbides 
become very thick wdth a correspondingly thick ferrite envelope 
next to them and with perhaps a little pearlite in the center of the 
former austenite grains. 
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Plate X, Fig. 11. Same 1.2 per cent C -steel, austenitized at 
850°C., held 10 sec. at 680®C. (1250®F.), and quenched; X 1,000; 
Picral etch; hardness C49. The austenite transformation is 
about 60 per cent complete and, although some excess carbide 
formed first at the austenitic grain boundaries, considerably less is 
present than in the equivalent 710°C. specimen. The pearlite is 
distinctly fiiner and not as well resolved. 

Plate X, Fig. 12. Same 1.2 per cent C steel, austenitized at 
850°C., held 60 sec. at 680°C., and quenched; X 1,000; Picral etch; 
hardness C30. The steel has complete^ transformed to rather 
fine pearhte with some excess carbides. The pearlite is not 
resolved in some grains but is readily visible in others where the 
angle of the lamellae to the surface is more favorable. 

Plate X, Fig. 13. Forged steel of 0.70 per cent C (S.A.E. 
1070), quenched from 925°C. (1700°F.) in cold water and tem- 
pered 1 hr. at 100°C. (212°F.); X 1,000; etched 2 min. in 4 per 
cent Picral; hardness C64. The structure after this very low 
tempering treatment is still essentially a white martensite. Only 
three directions of the acicular or needle-like martensitic plates 
are apparent in this micrograph, indicating that this entire field 
was only part of one austenitic grain. The temperature from 
which this specimen was quenched was about 250°F. above that 
ordinarily employed in commercial practice. The high tempera- 
ture results in a coarse structure, well adapted to show the nature 
of martensite but too brittle for most service applications, 
(c/., Plate XI, Fig. 5, p. 177). 

Plate, X, Fig, 14. Same as Fig. 13, reheated 1 hr. at 200°C. 
(390°F.); X 1,000; etched 40 sec. in 4 per cent Picral; hardness 
C60. The somewhat higher temperature draw has caused the 
martensitic structure to etch more rapidly and darker. It is 
now called tempered martensite. The horizontal line at the right 
center section represents a small oxide inclusion (see page 125). 

Plate X, Fig. 15. Same as Fig. 13, reheated 1 hr. at 350°C. 
(630°F.); X 1,000; etched 25 sec. with 4^per cent Picral; hardness 
C50. General precipitation of fine carbides, below a resolvable 
size, causes the specimen to appear to be a black aggregate in 
which the martensitic plate directions are still evident. This 
structure is normally called troostite. 

Plate X, Fig. 16. Same as Fig. 13, reheated 1 hr. at GOO'^C. 
(1080°F.) ; X 1,000; etched 25 sec. with 4 per cent Picral; hardness 
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C30. Carbides have grown to a size just about resolved at this 
magnification, and the ferrite matrix is now evident. The 
structure is termed sorbite. 

Plate X, Fig. 17. Same as Fig. 13, reheated 4 hr. at 720°C. 
(1330°F.) ; X 1,000; etched 26 sec. with 4 per cent Picral; hardness 
C8. The continued growth of carbides has made them clearly 
resolved so that this structure is much whiter and clearer than 
the preceding one. It would be called fine spheroidite. Note 
that alignment of the carbide particles still reveals the sites of 
the former martensitic needles. 

Plate X, Fig. A commercial steel (S.A.E. 52100) which 
gave machining difficulties; X 1,000; Nital etch. This structure, 
with its rather coarse carbide particles widely spaced in a ferrite 
matrix, could have originated only by an extremely long sub- 
critical spheroidizing anneal. 

PROPERTIES 

Commercial austenitic steel may be of the Iladfield type 
(1. to 1.5 per cent C and 10. to 14 per cent Mn) or of the chro- 
mium-nickel stainless type. Both are completely austenitic 
as quenched from around 1900 to 2000°F. (1050 to 1100°C.) 
and remain in that relatively soft, plastic condition while undis- 
turbed at room temperature. Cold-work tends to induce both 
to transform, to some extent, to the bod,y-centered lattice. In 
the relatively high-carbon Hadfield steel, the cold-worked struc- 
ture becomes hard and abrasion resistant. Tlie steel cannot 
ordinarily be machined since localized deformation in the 
\dcinity of the tool soon develops a localized hardened structure 
that resists further cutting. The 18-8 grade of stainless also 
presents machiuing difficulties, although with a low carbon 
content, the transformed, somewhat magnetic, striudiire is not 
as hard as martensite. (Ferrite is strongly magnetic below 
768°C., but austenite is almost completely^ nonmagnetic.) This 
partial transformation of the austenite is probably responsible 
for the high work-hardening capacity of the chromium-nickel 
stainless. 

Both the Hadfield and 18-8 stainless steels, commonly desig- 
nated as austenitic, actually contain austenite, ferrite, and an 
alloy carbide as stable phases under equilibrium conditions at 
room temperatures. The metastable quenched austenitic state^ 
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however, will change onh^ upon cold working or long-time treat- 
ments at relatively low temperatures (Plate XI, Fig. 2). 

Carbide precipitation, as shown in Plate X, Fig. 2, may 
occur in the vicinity of welds or wherever temperature and time 
permit. The carbide is not FeaC but is predominantly a chro- 
mium carbide (containing up to 90 per cent chromium). The 
chromium for the precipitate must come from the austenite in 
the vicinity of the zones of precipitation, the grain boundary 
areas, which ai’o consequently depleted of much of their nominal 
18 per cent chromium. A corrosive solution in contact with the 
metal in this condition may act as an electrolyte, the depleted 
boundary zones as anodes, and the mass of the crystals as 
cathodes. The result is a marked intergranular electrolytic 
type of attack that may actually reduce the metal to a crystal- 
line powder, or at least greatly diminish its strength. A similar 
difficulty in Duralumin alloys was mentioned on page 91. 
The problem has been solved for most commercial applications 
by the addition of a more powerful carbide-forming element 
than chromium, for exanq^le titanium or columbium (Stainless 
Types 321 or 347), which forms stable carbides and thus leaves 
the matrix with a uniform chromium content. The trouble has 
also been minimized by maintaining the carbon content below 
the solubility limit in the precipitation range (below 0.08 per 
cent in Stainless Type 304) or by reheating all welded sections 
to 1900°F. (1050°C., a temperature at which precipitated carbides 
redissolve in the austenite) and quenching. The last method is 
obviously impractical for large welded assemblies. 

The presence of carbide envelopes in hypereutectoid carbon 
steels has ali'c^ady been mentioned as a source of brittleness. 
In the ])earlitic, structures, while the ferrite is continuous and 
occupies about 90 ])er cent of the structure, the 10 per cent 
carlnde, disposcMl in thin lamellar plates, interrupts the con- 
tinuity of the feT*rite much more than the same amount of carbide 
dif^posed in the spheiical or globular dispersion characteristic 
of sorbite. Consequently, although fine pearlite .and sorbite 
may have the same hardness and appear to have similar black, 
unresol vable structures upon examination at moderate magnifica- 
tions, the lamellar structure developed directly from austenite 
always shows less impact strength, particularly in the notch 
bar test which requires good local plasticity, than the globular 
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structure of the same phases, developed by quenching and 
tempering. 


Table XI. — Tensile Properties of the Products of Austenite 
Tran sform ation ^ 


Keaction 

tempera- 

ture 

Hard- 

ness, 

HC 

Yield 

strength 

(0.2% 

offset), 

IjOOOp.s.i. 

Tensile 
strength, 
1,000 p.s.i. 

Per cent 
elonga- 
tion in 

2 in. 

Ped. 
area, 
per cent 

Pearlite 

spacing, 

A. 

700°C. 

19 

50 

120 

13 

20 

6,300 

650 

30 

95 

155 

16 

35 

2,500 

600 

40 

135 

190 

14 

40 

1,000 

550=" 

38 

132 

185 

12 

30 


500 

36 

130 

180 

16 

46 


450 

40 

150 

190 

18 

54 


400 

44 

170 

210 

16 

52 


350 

48 

190 

230 

13 

44 



* Data variable in this temperature range. 


Some typical tension test data, on specimens with a 0.25-in. 
diameter and a 1-in. gauge length (comparable to the usual 
0.505-by-2-in. specimen), are presented in Table XI. These 
show a linear increase in strength properties with decrease in 
the reaction temperature (or decrease in the logarithm of the 
pearlitic spacing), from the Ai to the A/ temperature. There 
is a discontinuity of property changes in the vicinity of the nose 
of the S curve at around 550°C., but in the bainite region there 
again is a linear increase in strength with decrease in temperature. 
There appear to be two maxima in ductility, as shown by elonga- 
tion or reduction in area values, one in the middle of the pearlite 
range and one in the middle of the bainite range. No data are 
included on martensitic specimens since it is almost impossible 
to get uniform loading and representative test data for this 
brittle structure. Data on the mechanical properties of tempered 
martensites are given in the “Metals Handbook.” 

More precise generalizations expressing the relation of structure 
to properties have been made (reference of Table XI) as follows: 

1 Data from Gensamer, PearsaU, Pellini, and Low, A.S.M. Preprint No. 19, 
1941. Obtained on a euteotoid plain carbon steel (0.80 C, 0.74 Mn, 0.24 
Si) ; corrected for recalescence during transformation. 
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1. Strength properties vary linearly with the austenite reaction 
temperature and the logarithm of the lamellar spacing of the 
resulting peaiiite, and this spacing is proportional to the diffu- 
sivity of carbon at the reaction temperature. 

2. The resistance to deformation of a metallic aggregate 
consisting of a hard phase dispersed in a softer one is proportional 
to the logarithm of the average length of straight path through 
the continuous phase. This rule has been found to apply 
to both pearlitic and spheroidized structures and extrapolation 
leads to reasonable carbide particle sizes for the finest, unre- 
solvable, spheroidal carbide (tempered martensite) structures, 

AUSTEMPERING 

This is the name of a special heat-treating process which 
consists essentially of isothermally transforming austenite at a 
temperature between the range of fine pearlite formation (A/ 
on the S curve) and martensite formation {Ar')A The structures 
developed in this range are called hainites (page 143) which, 
in carbon steels, cannot develop in any specimen cooled con- 
tinuonsly from the Ai line to room temperature, whatever the 
rate. The transformation graph (Fig. 11, page 141) shows the 
range of hardness of bainite structures. At least in the lower 
part of the temperature range bainite has a hardness directly 
comparable to that of tempered martensite. Since this structure 
forms directly from austenite at an appreciably higher tempera- 
ture than martensite, the microstresses developed in bainite are 
of a much lower magnitude (c/. microcracks in martensite, page 
151). Bainite structures with a hardness of C50 have shown 
phenomenally high plasticity for hardened steel; 0.18-in. sections 
have shown a reduction of area of 35 per cent in tensile tests or 
absorbed 35 ft.-lb. of energy in impact tests, whereas tempered 
martensite, at the same hardness, shows less than 1 per cent 
reduction in area or only 3 ft.-lb. impact strength. However, it is 
only in this hardness range that the bainite structures show 
superior properties and then only in the case of carbon steels. In 
the range C40™45, the sorbitic structure is superior for the same 
reasons that it is superior to fine pearlite. In the hardness range 
required for cutting tools, C60~65, the bainite structures cannot 
be obtained. Other limitations of the process involve the size 
Metals and Alloys^ 10, 228, 1939. 
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requirements; sections must be thin enough to cool past the 4/ 
point rapidly enough to avoid the formation of fine peaiiite, more 
expensive equipment is required to quench into a bath at around 
250 to 400°C. and hold there a fixed time, and finally, normal 
variations among different heats of steel result in variable time 
requirements for transformation in the required temperature 
range. 

QUESTIONS 

1 . Why is Hadfield manganese steel so well suited for applications requir- 
ing both abrasion resistance and toughness; i.e., rock crushers, etc.? Why 
would the steel not be suitable for the nozzles of sand-blasting guns? 

2 . How might a spheroidized carbide structure be converted to (a) fine 
pearlite, (Jb) coarse pearlite? 

3 . Why is a sorbitic structure preferable to pearlite of equal hardness 
for use as an automotive connecting rod? 

4 . How might an 0.40 per cent carbon steel be treated to show (a) large 
masses of ferrite with islands of ferrite and spheroidized carbides, (5) uni- 
formly distributed spheroidized carbides? 

5 . On the basis of photomicrographs shown in this section, state quanti- 
tatively the difference in time required for transformation of coarse austenite 
and fine austenite plus residual carbides at 710°C. (1310°F.). Which prior 
structure would give the finer lamellar spacing in the pearlite formed? 

6. If a quenched high-carbon (martensitic) steel were placed in a furnace 
at ISOO^F. (820°C.), what would be the effect of the prior structure on (a) the 
required austenizing time, (6) possibility of cracks from stresses associated 
with thermal gradients? 
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thus may tend to confuse the student. The older terminology, particularly 
usage of the terms ipTwiciTy and secondary troosite or sorbite^ originated prior 
to researches of Bain and Davenport (published in the Trans. A.S.M. and 
A.I.M.E., 1932-1940) which definitely established the mode of austenite 
transformation at different subcritical temperatures. 



CHAPTER XI 

HEAT-TREATED AUTOMOTIVE AND TOOL STEELS 

The heat treatment of steels to obtain great hardness or other 
desired properties was an art practiced for literally thousands of 
years before any scientific knowledge of the process was available. 
However, a knowledge of the theory of structural changes, i,e.^ a 
correlation of the iron-carbon diagram, the jS curve, and the 
martensite tempering curve makes it possible to dispense with 
memorized ''formula'' for the treatment of each different type of 
steel. An appreciation of these three aspects of theoretical 
reasoning, as summarized on page 152, enables the metallurgist, 
confronted with a specific, undesirable microstructure, to pre- 
scribe a heat treatment, or an intelligently minimized series of 
tests for the determination of a treatment, that will produce any 
one of the large number of possible microstructures. 

MACHIN ABILITY 

Some steels are heat-treated before machining if the desired 
physical properties do not require high hardness. Most machin- 
ing operations cannot ho readily performed on steels of hardnesses 
greater than Rockwell C20-25 (BHN 200-250) although, by use 
of nigged, modern, ecpiipment for holding the work and tool rigid, 
simple cutting operations liave been successfully accomplished on 
steels at hardnesses of C45 (BHN 425). In most cases where 
final hardness is to bo above G25 and in the manufacture of all 
cutting tools, the metal is first machined to shape, then hardened 
to a mart(uisitic structure, and finally tempered or drawn by 
reheating to the tempei-ature required to give the specified physi- 
cal properties. In these cases, the structure of the steel prior to 
machining is of consideralrle importance in determining the ease 
of- cutting, tool wear, and the final surface finish on the machined 
part. It is not proposed to discuss here the variables of tool 
design, physical characteristics of tool steels, the rigidity of the 
work-holding device, and tool lubricants or coolants, although 
these factors might affect machinability more than the structure 
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of the steel being cut. Assuming that these conditions are all 
properly adjusted, a pearlitic structure will usually cut better 
than a sorbitic or a spheroidized structure. The lamellar struc- 
ture is more brittle and the metal tends to shear immediately in 
front of the tool (along the line of cut) and the chips break off 
more readily, resulting in a cleaner type of cut. On the other 
hand, a very fine pearlitic structure is harder, requires more 
strength at the tool edge, and thus necessitates use of more power- 
ful and rigid machines. The type of cutting operation is also a 
variable; the best structure for an intricate milling operation may 
not be best for drilling or thread-cutting operations. ^ A frequent 
compromise in structure is the use of a partially spheroidized 
pearlite, frequently called a wormy structure. The structures 
shovm by Plate XI, Figs. 1 and 2, illustrate extreme divergences. 

Methods of obtaining different types of structures are implicitly 
explained in Chap. X, a coarse pearlitic structure by slow furnace- 
cooling of austenite and finer pearlites by somewhat more rapid 
cooling. Spheroidized structures are, of course, obtained by 
tempering of martensite, but when this structure is desired for 
machining purposes it is usually obtained by reheating fine 
pearlite (normalized structure) below the Ai temperature. This 
method depends on the surface tension forces of the carbide phase 
which effectively break up the lamellar distribution and gradually 
agglomerate the carbide to approximately spherical shapes. 
Moderately short times only partly spheroidize the lamellae; 
quite long times are required to complete the process. The 
spheroids formed are somewhat related in size to the pearlite; 
specifically, a coarse pearlite cannot be treated to give a fine 
spheroidite. Heating slightly above the Ai and then cooling 
below will naturally break up a coarse pearlitic structure more 
rapidly. Finally, isothermal transformation treatments have 
been successfully employed to obtain more machinable structures; 
i.e., heating into the austenitic range, furnace-cooling to 1150 to 
1250°F. (620 to 680°C.), holding there 1 to 4 hr., and then 
air-cooling. 

EFFECT OF ALLOYING ELEMENTS 

Elements other than carbon and iron in steel may be present 
either in solution in ferrite (copper, nickel, aluminum, silicon), in 

WoLDMAN, Iron Age, 147, No. 25, p. 37, No. 2G, p. 44, 1941. 
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the carbide when sufficient carbon is present (tungsten, molybde- 
num, titanium, vanadium), distributed in both basic phases 
(manganese and chromium), or present as special compounds 
(sulphides, selenides, oxides, etc.). These elements all have some 
effect on the positions of boundary lines in the iron-carbon 
diagram, specifically on the carbon content of the eutectoid and 
the critical temperatures. For example, 6 per cent chromium 
added to iron shifts the eutectoid concentration to about 0.45 per 
cent carbon' and raises the Ai temperature to about 750°C. 
(1380°F.). The effect on critical temperatures may appear to be 
anomalous in many steels; while nickel depresses both the Ac and 
Ar temperatures, molybdenum raises the Ac temperatures and 
depresses the Ar temperatures. The reason for this effect is 
related to the increased sluggishness of the eutectoid reaction in 
steels in which the alloying element both dissolves in ferrite and 
forms a stable carbide that is slow to dissolve in, or precipitate 
from, austenite. Published data for critical points, e.g., those in 
the 1940 ed., “S.A.E. Handbook,^’ are generally based on the 
transformation temperatures obtained on fairly rapid heating or 
cooling. They do not apply for heat treatments in which the 
steel is held at temperature for an appreciable time. For 
example, a highly alloyed (British) aircraft steel of 4 per cent 
nickel, 1.25 per cent chromium, and 0.5 per cent molybdenum 
with 0.25 per cent carbon was reported to have an of 1320°F. 
and an Ac^ of 1395°F. It w'as found that, upon heating H-in. 
sections to a series of temperatures and holding for 2 hr., the steel 
became a mixture of austenite and ferrite at 1225°F. (thus, it was 
above the Ai temperature) and became completely austenitic at 
1300®F. (necessarily, it was above the Az temperature). A 
similar difference of from 25° to 100°F. between the Ac tempera- 
tures on a continuous heating cycle and those obtained on holding 
at temperature is found in most published temperature data on 
critical points of alloy steels. 

Associated with an effect on critical temperatures, a pro- 
nounced altei’ation in the microstructures is frequently observed. 
For example, a hacksaw steel, containing 1 per cent carbon and 
about 1 per cent tungsten, does not develop a pearlitic structure 
upon isothcrmally transforming between the Ai and A/ tempera- 
tures. The presence of a strong carbide-forming element, such as 
tungsten, apparently prevents any development of the lamellar 
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carbide structure, and the carbide phase comes out of austenite in 
the form of irregular masses. On the other hand, this effect may 
result from incomplete homogenization of the austenite, since 
tungsten carbide is difficult to dissolve completely, and residual 
carbides may serve as nuclei upon which the eutectoidal carbide 
forms, resulting in the abnormal structure. This may also 
be true of molybdenum, but the equivalent chromium steel, 
S.A.E. 52100 with 1 pei' cent carbon and about 1 per cent 
chromium, forms pearlite by use of normal austenitizing times 
and temperatures. 

The theor^T- of the effect of alloying elements on hardenability 
has been considered on page 148. If the purpose of alloying is 
merely to increase the depth of useful hardness or permit the same 
depth to be obtained by a slower quench (therefore with less 
residual stress), it has been found that the addition of small 
amounts of many elements is more effective than a large addition 
of one element, particularly the use of combinations of man- 
ganese, chromium, molybdenum, or vanadium. (The addition 
of many elements generally is more effective in raising the 
strength and hardness of solid solutions than an equivalent total 
addition of a single element.) The reason for this behavior is 
that large amounts of these elements form sluggish carbides 
which, since they do not dissolve fully in austenite, do not con- 
tribute to any retardation of transformation at the Ar whereas 
small amounts dissolve fully and complicate the diffusion process 
necessarily accompanying the pearlite reaction. In addition, the 
hardenability effects of several elements are multiplicative, while 
increased amounts of one element are additive in increasing 
hardenability. An idea as to the relative effects of different 
allo\dng elements on hardenabihty is suggested by the amounts 
required to increase by 50 per cent the size of a section hardening 
aU the way through when other factors, such as austenitic grain 
size and quenching rate, are constant. Of individual elements, 
this would require: 0.002 per cent boron, 0.05 per cent vanadium, 
0.14 per cent manganese, 0.16 per cent molybdenum, 0.20 per cent 
chromium, about 0.70 per cent silicon, and about 1.40 per cent 
nickel. Vanadium contents above 0.15 per cent may actually 
decrease hardenability, i.e.^ contribute to shallow hardening, 
owing to the relative stabihty or slow rate of solution in austenite 
of vanadium carbides. On the other hand, manganese seems to 
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liii6S»ily incicSjSG liflirdGiiQjbility up to {^uito high. nciSjiigQjiiGSG con- 
tents; about 1.8 per cent pernaits a steel to harden throughout a 
section five times as thick as a comparable 0.20 per cent man- 
ganese steel. The required amounts of silicon and nickel are only 
approximate since they are based on lengthy extrapolations of 
limited data.^ 


QUENCHING RATES 

The effect of cooling rate is of sufficient importance to demand 
inclusion of the following table (from Grossman) in Avhich the 
higher numbers represent more severe quenching. The table 
demonstrates, more or less quantitatively, the value of movement 
of the cooling medium in speeding up the quenching rate, particu- 


larly the rate in the important temperature 

range 

of 723 to 

about 550^^0. 





Oil— 

Water- 

Brine — 


60°C. 

20°C. 

20°C. 

No circulation of liquid or agitation of piece 

0.2 

1.0 

2.0 

Mild circulation (or agitation) 

0.3 

1.1 

2.1 

Good circu]n.tion 

0.4 

1.4 


Strong circulation ■ 

0.6 

1.8 


Violent circulation 

1.0 

4.0 

5.0 


Differenees in the efficiency of the several types of quenching 
baths in condiuding heat from the metal are related to the 
“ wetting tendency of the liquid, its vaporization characteristics 
or tendency to form vapor blankets which insulate the steel, its 
ability to remove scale which also acts as an insulator, and to 
other physical variables. Naturally the temperature of the 
medium is of imx)ortance, particularly vdth reference to its boiling 
point; c.r/., hot water cools steel more slowly than does hot oil. 

There are noticeable differences among various types of oils, 
depending on their relative viscosities, vapor-forming characteris- 
tics, and the chemical changes occurring with continued use. 
There are differences between waters, particularly between fresh 
tap water which contains dissolved air, and water that has been 
used for some time (or distilled water) with no air to come out of 

1 GaossMAN, AJ.M,E. Tech Puh X437, 1942, 
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solution at the steel surface and thereby slow up heat transfer. 
Finally, the concentration of a brine or caustic solution is of 
importance, and tests have shown that 9 per cent sodium chloride 
or 3 per cent sodium hydroxide solutions are most favorable for 
elimination of soft spots caused by vapor pockets at the steel 
surface in the early stages of cooling. Incidentally, the increased 
speed of coohng of brines does not depend on the use of lower 
temperatures of the bath but is related to its action in removing 
surface oxide or scale and in suppressing vapor formation at the 
steel surface. 


FLAME-HARDENING AND WELDING 

The theoretical discussion of structural and property changes 
accompanying the heating and cooling of steels applies not only to 
heat treatment of complete sections but also to intentional heat- 
ing of localized surface areas, as in induction-hardening^ and 
flame-hardening processes. No structures are reproduced here 
for they would be found nearly to duplicate those produced by 
normal heat treatments of similar steels. In both processes, 
uniform control of actual temperatures in the austenitic field may 
be somewhat difficult to achieve, but the very short time at 
temperature minimizes grain growth of the structure. Harden- 
ability is seldom an important factor since a depth of hardening of 
about in. is the maximum usually desired. Distortion is 
frequently troublesome in flame hardening since the entire surface 
to be hardened cannot always be brought to temperature at once. 
When large sections are treated, the flame proceeds slowly over 
the surface, with the quenching liquid following closely behind the 
torch. Considerable experience is required in regulating flame 
intensity, rate of movement, and sequence of movement over the 
surface so as to austenitize to a sufficient depth for proper harden- 
ing, to minimize distortion, and to avoid overlapping with a 
structural discontinuity at the junction of two successive passes. 
The induction-hardening process where applicable, avoids this 
difficulty by heating the entire surface simultaneously. This 
method is limited by the cost of the requisite electrical equipment 
and by the simplicity of shape required in parts to be treated. It 
is being very successfully employed for rounds, particularly the 
bearing surfaces of automotive or aircraft crankshafts. 

^ Cone, Metals and Alloys, 9, p. 1, 1938. 
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Welding is essentially a chill-casting process involving small 
amounts of liquid metal, which, in contrast to ordinary castings, 
is fused to the “moW or, in this case, the section being welded. 
The fusion requirement means that the base metal in contact mth 
the weld deposit is at least momentarily heated to the proximity 
of its melting point with a consequent temperature gradient from 
this zone to a distant point in the base section at which the tem- 
perature rise is insignificant. Thermal gradients have already 
been mentioned as sources of distortion or internal stresses, or 
both, and it is for this reason that welded joints are given a stress- 
relief anneal if service requirements are severe. When possible, 
the entire welded section may be heated into the stress-relief 
annealing temperature range (1100 to 1300°F.), but in large 
assemblies, it is possible only to ''fiame-anneaV^ i.e., reheat 
locally with a torch. If the steel has air-hardening characteris- 
tics, resulting from the presence of alloying elements, the zone 
adjacent to the wdd may become partially martensitic as a result 
of being heated into the austenitic field and cooled rapidly by the 
flow of heat into adjacent cooler sections. High stresses in a 
localized martensitic zone are very likely to cause crack formation 
and failure under ordinary service conditions (see Plate XI, Fig. 
7). This difficulty can be avoided by preheating the entire 
structure, before welding, to about 500 to 700°F. The warm base 
metal slows up the quenching effect of heat flow from the zone 
next to the weld into the adjacent colder metal. 

HIGH-SPEED STEELS 

There are several thousands of different tool steels if classified 
by trade names, several hundreds if classified by composition, and 
perhaps twenty or so if classified by types of alloy composition. 
The structures and properties of a majority of these are explicable 
on the basis of the material already presented. The so-called 
‘ffiigh-speed” steels depart significantly in many ways from plain 
carbon, low or moderately alloyed grades. The following discus- 
sion applies generally to the common types of steel that can main- 
tain their hardness at low red heats; viz,j I, 14 to 18 per cent W, 
4 per cent Cr, 1 to 2 per cent V; II, 4 to 6 per cent W, 4 to 6 per 
cent Mo, 4 per cent Cr, 1 to 2 per cent V; III, 0 to 3 per cent W, 
6 to 8 per cent Mo, 4 per cent Cr, 1 to 2 per cent V. All of these 
types contain from 0.6 to 0.8 per cent carbon and also may be 
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made with 5 or 8 per cent cobalt present. Carbon contents on 
the high side of the range and the presence of cobalt decrease 
toughness and increase abrasion resistance. Chromium and 
vanadium are common to all grades, and either tungsten, 
molybdenum, or a combination of both, in the amounts noted, is 
requisite for development of the red-hardness property. Within 
the composition ranges shown, it is evident that 1 per cent of 
molybdenum is roughly equivalent to 2 per cent of tungsten. 

An equilibrium phase diagram of alloys as complicated as these 
types of steel cannot be drawm and explained in a simple manner, 
but if the left hand of the Fe-FesC system (page 1 10) be considered 
as (Fe + 18W + 4Cr + IV) and a diagram drawn for this 
metallic mixture wdth carbon additions, the system may be 
portrayed simply and not too inaccurately. In this case, the Ac^ 
temperature would be about 1540°F. for the 6:6 steel (II); the 
eutectoid carbon content might be close to 0.2 per cent, the 
saturation solubility of carbon in austenite at the eutectic tem- 
perature would be about 0.5 per cent, and the eutectic tempera- 
ture at approximately 2350°F. The eutectic is between austenite 
and an alloy carbide (Fe, W, Mo, Cr, V)6C and the eutectoid 
between an allo^^-ed ferrite and the same carbide. This hypo- 
thetical, diagram explains the necessity of using austenitizing (or 
hardening) temperatures close to the eutectic temperature. If 
the steel were hardened from just above the the resulting 
martensite would contain only about 0.2 per cent carbon and, 
consequently, would not be very hard. The higher the tempera- 
ture is raised, the more carbides go in solution, but they are not 
completely dissolved at any temperature below the eutectic. If 
this temperature is exceeded, the carbides enter the liquid phase 
and then, upon cooling, form a brittle eutectic envelope around 
the austenite grains (c/. ‘'burning'' of aluminum alloys, page 82). 
The high-speed steels can be heated close to the eutectic tempera- 
ture without excessive grain growth because residual stable 
carbides, which restrict grain coarsening, are present in large 
amounts until the temperature approaches 2300°F. 

If steel specimens are quenched from 2275°F. into salt or lead 
baths at temperatures from 1500 to 200''F., and isothermally 
transformed in a manner comparable to carbon steels (Fig. 11, 
page 141), the high temperature of most rapid transformation is 
1400^F., equivalent to the A/ point. Here, the austenite trans- 
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formation starts after approximately 10 min. has elapsed and is 
completed in about 4 hr. to a dark-etching structure showing 
small carbide spheroids in ferrite. In the range, 1000 to 700°F. 
(equivalent to just above the austenite has been found to be 
unchanged at the end of 12 da 3 rs when tests were stopped.^ At 
600°F. and below, the transformation product is acicular and 
hard; C55 in the range 600 to 500°F. and C65 below 300°F. 
Normal quen(‘.lung from 2275° in oil gives a structure which 
consists of a])out 25 pei* cent residual austenite and 75 per cent 
tetragonal martensite, with a hardness of C60-65. The lower 
as-quenched hardiness is ol)tained when the austenitizing treat- 
ment is performed near the upper limit of the normal temperature 
range. This treatment results in coarser austenitic grains, which 
contain more dissolved carbon and consequently transform more 
slowly and leave more residual austenite. 

Tempering'.of the quenched high-speed steel is at first analogous 
to the drawing of a ciuenched carbon steel at low temperatures 
(below 350°F.). The residual austenite in the high-speed steel 
remains unchanged, tetragonal martensite changes to the cubic 
form, and cementite, FeaC, precipitates and agglomerates in this 
martensite with a decrease in hardness of the structure. ^ This 
process continues up to tenq^eratures in the vicinity of 750°F. 
The precipitation of c(unentite, rather than the complex alloy 
carbide, is exiilainc^d l)y the very slow diffusion of the allo 3 i.ng 
elements, parti(*ulaiiv tungsten, molybdenum, and vanadium, 
winch forces the carbide to foi*m from the element that is most 
readil}^ available, iron. On raising the temperature to 1050°F., 
the carbon tends to go ov(u- to its more stable carbide, the com- 
plicated (Fe, W, Mo, Cr, V)( 5 G, which forms as a fine dispersion 
and increases tlu^ liai-dness of the structure, an effect known as 
secondary hardness, iiie inc,reaso is more marked in specimens 
quenched from the highest temperature since these contain the 
most dissolved carbon. This effect in the case of a Type II 
steel is: 

Qiienchins tc^nijicrature As-quonched hardness 

C66 

2275T. (2 min.) 65 

2325TA ( 2 min.) 62 

\/ij Pabke and IlEiiziG, Trans, A.S.M., 29, 623, 1941. 

2 Cohen, Trans. A.S.M., 27, 1015, 1939. 


Secondary hardness 
C63 (1 hr. at 1050°P.) 
65 (1 hr. at 1050' 

67 Q hr. at 1050 
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The secondary hardness is also increased by the breakdown of 
residual austenite upon cooling from the tempering treatment. 
Since the martensite so formed involves an expansion in a rigid 
structure, the danger of cracking may be greater on cooling from 
the draw than on cooling from the high-temperature quench, at 
which time martensite forms in a plastic austenitic structure. 

The stability of the highly alloyed austenite at about 1000°F., 
shown by the isothermal transformation work (no change for 12 
days at this temperature), is commercially important in two 
ways. If a heavy or complicated section is quenched from about 
2300°F., quenching stresses alone (apart from those associated 
with martensitization) may occasionally cause trouble. In this 
event, it would be advisable to quench from 2300°F. to a bath at 
1000°F., hold until temperature equilibrium is achieved, and then 
quench to room temperature. This procedure would minimize 
quenching stresses and still achieve the same results as a direct 
quench. Second, if the steel is not cooled to room temperature, 
no appreciable austenite decomposition will occur and, on temper- 
ing at 1050°F., no appreciable alloy carbide precipitation will be 
obtained. If, as in this case, the austenite remains substantially * 
unchanged, the advantages of secondary hardness are not gained. 

Straightening operations are most safely and readily performed 
while a relatively large amount of plastic austenite is present in 
the structure, ^.e., while the metal is still warm after quenching 
from the high temperature. Cracking after the draw is most 
likely to occur if the steel is permitted to stand too long before 
tempering. 


MICROSTRUCTTJRES (PLATE XI) 

Plate XI, Fig. 1. Alloy steel (1.0 per cent Ni, 0.5 per cent Cr, 
0.5 per cent C) ; X 1,000; Picral etch. This steel is used for small 
screws in an aircraft engine, and specifications require an 
extremely good surface on the threads and at the base of the 
threads to ensure adequate fatigue strength. The structure 
shown represents stock that was readily cut and from which few 
parts were rejected. It shows excess ferrite surrounding moder- 
ately coarse pearlite, both derived by slow cooling of a coarse 
grained austenite. 

Plate XI, Fig. 2. Same alloy steel (1.0 per cent Ni, 0.5 per cent 
Cr, 0.5 per cent C) ; X 1,000; Picral etch. Stock from a different 



beat-tiumted automotive and tool steels 175 

source for the same aircraft screws machined with difficulty. 
Over 50 per cent of the parts made were rejected as having an 
inferior finish, althongh tooling was identical to that employed for 
the previous steel. This spheroidized structure has exactly the 
same hardness ( Ro(‘k\v (dl .BDO) as that above, but the continuity 
of the ferritic structure here confers greater plasticity to the 
aggregate. The spheroidal structure can be changed to a pearl- 
itic type, but a high temperature (17()()^F. for hr.) is required 
to dissolve the carhidc^s in austenite, presumably because of the 
chromium contauit, aiihougli in any case a moderately coarse 
spheroidal structure must Ix^ heated to a higher temperature, or 
held a longer time, to transform to homogeneous austenite. 

Plate Xl, Fig. 3. Carbon tool steel (1.20 per cent C); X500; 
Nital etch. This stru(*ture oi the raw stock, before hardening, 
shows finely si)h(yr(>idiz:<Hl c.arbid(\s in a ferritic matrix although 
details are not too e\id(mt at tliis relatively low magnification. 
However, tra(‘es of tlu^ fornuu* austenitic grain boundaries are 
visible by reason of a gr(^at(u- carbides (‘.oncentration at these areas. 
This structure must luiv(^ originated as follows: the steel was 
normalized (from aI>o\*(> the .-Irw Vmo) and then reheated below the 
critical tempi^ratun^ for s[)h(u-oidization of the fine, lamellar 
carbides. rr()})a,l)ly cooling from the austenitic field through the 
critical temperature was too slow to prevent the separation of 
excess carbide in tlu^ foi-m of envelopes around the austenitic 
grains. The stibsecpient spluu'oidization treatment broke up the 
continuity of t.lu^ (^arbid(^ (mvafiopes hut left a ^fistring of beads ’^ of 
carbide in a indavork form. TTiis structure is not eliminated by 
hardening from the usual tennperature between the Ac^ and Acm 
lines; the coarsen* carl)id(\s, aligiuMl as grain boundary envelopes, 
are not dissolvenl, a.nd tlunr nysidual pnysence in a network results 
in a more brittki t-oofi subjeu^t to chipping at the cutting edge or 
other difficulties which an^ sumrmirizod in the words ^'poor tool 
performance.^^ 

Plate XI, Fig. \, H.A.F. 4335 steel (1.8 per cent Ni, 0.8 per 
cent Or, 0.3 pen* cent hlo, 0.35 per cent C); X 1,000; Nital etch. 
This striKvture^ is tluit of t-lu^ steel after quenching in oil from 
1550°F. and tenujxn-ing to a hardness of C50, Employed in an 
antiaircraft gun, this sl-eud is used for a part subjected to batter- 
ing impact loads. The section is too large to be “ austempered,^^ 
yet hardness is vital and as much toughness as possible is desired. 
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This nickel-chromium-molybdenum steel has considerably greater 
toughness at a Rockwell of C50 than most other available carbon 
or alloy types. 

Plate XI, Fig. 5. Overhardened S.A.E. 52100 steel (1.25 per 
cent Cr, I’.OO per cent C); X 1,000; Nital etch. This steel, 
originally developed for ball bearings, is now widely used where 
high hardness and good depth of hardening is essential. The 
structure shown was from a defective part in an aircraft-engine 
clutch; this section showed brittle chipping of corners which had 
been designed with rounded edges to avoid such trouble. The 
brittleness is undoubtedly related to the extremely coarse mar- 
tensite which must have been derived from very coarse austenite. 
This structure shows no residual carbides although it is strongly 
hypereutectoid (1.25 per cent chromium lowers the eutectoid 
carbon content to about 0.70 per cent), and it is believed the 
part was heated above 1800°F. The steel part had been heated, 
bv a commercial heat treatei', in a salt bath and it is hypothe- 
sized that a high-speed steel bath with a minimum operating 
temperature of about 1750°F. was employed in order to avoid 
the trouble and expense of changing to a normal steel hardening 
salt bath, the type required for treating this steel at the proper 
temperature of 1550°F. 

Plate XI, Fig. 6. Properly hardened S.A.E. 52100 steel; 
X 1,000 ; Nital etch. This structure is of the same steel when the 
original stock was quenched in oil from 1550°F. and drawn to the 
same hardness as above, Rockwell C62. The background is 
extremely fine black martensite (it might be called troostite 
except for the high hardness) which would be much tougher than 
the overheated coarse martensite. In addition, the presence of 
residual, undissolved carbides (the white spheroids) considerably 
increases resistance to abrasion. 

Plate XI, Fig. 7. S.A.E. 3140 steel (0.40 per cent C, 0.75 per 
cent Mn, 1.25 per cent Ni, 0.60 per cent Cr), section from a 
generator axle broken in service; X 10; Nital etch. This macro- 
graph, taken at the base of a keyway notch on a 2-in. shaft, may 
be interpreted as follows: The original keyway was cut somewhat 
oversize. To correct the error, a layer of ordinary low-carbon 
steel was deposited by welding at the base. Subsequent machin- 
ing apparently disclosed porosity, or other defects, in the first 
deposit, so a second layer of metal was welded over the first. 
The right-hand edge of the micrograph represents the base of the 
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keyway-j and yi in. to the left of this,' an open line A shows the 
poor junction of the first and second weld deposits (weld metal, of 
low-carbon steel, is white). About 2 in. further to the left, at 
a sharp discontinuity in shading indicates the junction between 
the alloyed steel base and the first weld deposit. To the imme- 
diate right of jB, a higher magnification disclosed evidence of 
carbon diffusion from the base metal into the low-carbon weld 
metal. To the left of B, there is a dark zone which shows a sharp 
transverse crack, followed at C by the normal base metal. This 
zone {B to C) was heated to the austenitic state by the first 
welding operation, and cooled rapidly by the mass of the main 
section, it became martensitic and probably highly stressed as 
well. The second weld deposit and thermal gradients related to 
the rapid localized heating probably initiated the crack in the 
martensitic structure which also was tempered to its present dark 
etching state before finall}^ cooling again to room temperature. 

Plate XI, Fig. 8. Section in vicinity of C from Fig. 7; X 1,000; 
Nital etch. A higher magnification of a section in the vicinity of 
C shows an area to the right in which the alloy became completely 
austenitic and cooled rapidly enough to become martensitic. It 
is in this section (although farther to the right, beyond this field) 
in which the crack shown in the micrograph above -was formed. 
In between the martensitic section and the unaffected base metal 
at the left, there is a zone of metal which apparentl}^ became 
austenitized at a sufficiently high temperature for grain growth to 
have occurred, as evidenced by the ferrite which separated at the 
austenitic boundaries on cooling. The separation of the ferrite 
is in itself evidence that this narrow zone cooled slowly enough to 
avoid martensitization. Here, within a narrow zone of about 
0.003 in., relatively unaffected metal, an area of grain growth, and 
an area of tempered martensite are visible. 

Plate XI, Fig. 9. Oxidation-resistant stainless steel (20 per 
cent Cr, 12 per cent Ni) at a welded joint ; X 50 ; etched with 1:2:3 
parts of HNO3, HCl, and glycerin. In this micrograph, the dark, 
fine-grained structure at the right side represents the w'-cld deposit 
(also of 20: 12 steel), while at the left the original structure of the 
base metal sheet is visible. In the intermediate zone, the struc- 
ture shows the effect of being heated close to its melting point. 
This steel is largely austenitic, although some alloyed ferrite or 
body-centered iron is visible as the darker structure, showing a 
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grain boundary network distribution. In the heat-affccted zone 
there has been a pronounced grain growth and^ associated with 
this, a weakening of the structure. This is the reason why in 
most tests of sound, welded specimens, fractures occur in the 
coarsened structure adjacent to the weld, rather than in the fine- 
grained, or equivalently, the chill-cast weld deposit. 

Plate XI, Fig. 10. Fine-grained high-speed steel (Type II or 
6 : 6 ), quenched from 2250‘^F.; Xl,000Nital etch; C 66 . After 
quenching from this hardening temperature, slightly below the 
normal value of 2275°F., many residual, undissolved alloy car- 
bides of (Fe, W, Mo, Cr, V) 6 C are present in the structure, and 
the austenite grain size is considerably smaller than for the speci- 
men shown in Plate XI, Fig. 12 . Although this structure is 
predominantly martensitic, the needlelike or acicular characteris- 
tic is not noticeable. 

Plate XI, Fig. 11. The fine-grained high-speed steel (Fig. 10) 
after tempering 2 hr. at 1050°F.; X 1,000; Nital etch; C64. The 
precipitation of alloy carbides and decomposition of residual 
austenite result in this structure's etching more rapidly than 
Fig. 10 and to a black aggregate in which the martensitic needles 
are too small to be evident. The white spheroids are the residual 
undissolved alloy carbides, unaffected by the tempering treat- 
ment. Since a Nital etch of a tempered high-speed steel will not 
reveal the size of the former austenitic grains, a special etch 
(Snyder’s reagent, 7 per cent PICl and 3 per cent HNO 3 in alcohol) 
may be used to show the former austenitic grain boundaries and 
yield evidence as to the actual temperature attained in hardening 
a specific part. 

Plate XI, Fig. 12 . Coarse-grained high-speed steel (Type II or 
6 : 6 ), as quenched from 2325°F.; X 1,000; Nital etch; C 6 L There 
are only a few undissolved alloy carbides in this martensitic- 
austenitic structure. Some traces of eutectic melting are visible 
at the austenitic grain boundaries although the burning is not 
very pronounced and would not be detectable in the tempered 
structure (next micrograph). Quenched from a higlier tempera- 
ture than the specimen of Plate XI, Fig. 10, and thus with more 
carbon in solution in the austenite, this specimen has more 
retained austenite and is, therefore, softer. 

Plate XI, Fig. 13. The coarse-grained high-speed steel after 
tempering 2 hr. at 1050"F.; XI, 000; Nital etch'; C 66 . Martensite 
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needles forming in a coarse-grained austenite are always more 
readily resolved than the needles in a fine-grained structure. 
Although more evident and preferable for demonstrating the 
nature of martensite, they are decidedly not preferable for most 
uses. This structure is evidence that the tool was overhardened, 
i,e., heated at the upper limit of the permissible range. It would 
have better cutting properties than Plate XI, Fig, 11, if the greater 
brittleness of this structure did not cause chipping or crumbling of 
the cutting edge or if the tool did not snap under an impact load. 
The special etch (Snyder’s reagent) would reveal the grain size 
of this structure better than it would that of a fine-grained 
aggregate and would also reveal the incipient melting. 

Plate XI, Fig. 14. Overheated or burnt high-speed steel (Type 
III or 2:8 W-Mo) quenched from 2350°F. and tempered at 
1050°F.; Xl;000; Nital etch; C65. When high-speed steel is 
heated above its eutectic temperature, the liquid phase which 
forms at grain boundaries is of nearly eutectiferous composition 
and upon quenching solidifies as a brittle eutectic in which the 
carbide is the continuous phase. This structure, formed by 
quenching, is naturally much finer than, and readily distinguished 
from, the eutectic present in the cast alloy or in inadequately hot- 
worked metal. As in all cases of burning, the eutectic is pre- 
dominantly located at grain boundaries, particularly at the 
junction of three grains, although some spherical liquid pools, 
formed within the grains, now show a rosette eutectic structure. 
Xote the coarse austenitic grain size (now, largely coarse martens- 
ite). The brittle eutectic network makes the entire structure 
brittle, and the metal is ruined as a tool. It cannot be 
readily reclaimed and is ordinarily useful only as scrap for 
remelting. 

Plate XI, Fig. 15. Properly hardened (2275®P.) and tempered 
(1050^F.) high-speed steel, Type II (6:6); X 1,000; Nital etch; 
C64. This structure shows an undesirable distribution of the 
coarse carbides, present originally in the form of a eutectic net- 
work which surrounded the austenitic grains during solidification. 
Since these carbides cannot be completely dissolved in the solid 
alloy, hot-working (forging and upsetting) must be relied upon to 
break up this distribution and, in this specimen, the hot-working 
apparently was insufficient. In some very inadequately hot- 
worked (or cast) structures, these carbides may be seen in the 
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Platb XI. Figs. 16-19. 
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form of a coarse eutectic. This is a transverse section of a 
broach made from a 2 in. diameter bar. 

Plate XI, Fig. 16. A longitudinal micrograph of the same 
specimen as Fig. 15; X 1,000; Nital etch. The transverse section 
of the tool showed an equiaxed grain boundary distribution of 
undissolved carbides. This is a view of the same tool but with 
the polished section parallel to the long axis of the broach 
(longitudinal). The carbide distribution is, of coarse, an indica- 
tion of the direction of hot-working, and here the envelopes, 
instead of indicating an equiaxed structure, show characteris- 
tically elongated grains. The structure is frequently termed 
hooked carbides. 

Plate XI, Fig. 17. Carburized free-machining steel, S.A.E.- 
X1315 (0.15 per cent C, 1.5 per cent Mn, 0.128 per cent S); the 
case after hardening and tempering; X500; Nital etch; C60. 
This low-carbon, high-manganese free-cutting steel after carbu- 
rizing, quenching, and drawing shows a typical tempered 
martensitic structure in the case, together with some manganese 
sulphide inclusions {S), 

Plate XI, Fig. 18. Case of nitrided steel (0.24 per cent C, 0.55 
per cent Mn, 1.20 per cent Al, 1.10 per cent Cr, 0.25 per cent Mo, 
3.50 per cent Ni) after normal ammonia treatment of 48 hr. at 
975®F.; X200; Nital etch. This represents a good nitrided case 
with an extremely high degree of hardness. The immediate 
surface shows a characteristic white layer of somewhat lesser 
hardness than the nitrided zone immediately below it. It is 
believed that the atomic nitrogen, which diffuses into the metal 
during the ammonia treatment, forms an aluminum nitride with a 
high degree of dispersion (aluminum is always present in amounts 
of about 1 per cent in steel which is to be nitrided). This 
particular grade of steel for nitriding has age-hardening character- 
istics which seem to be associated with the combination of nickel 
and aluminum. Not only does the long nitriding treatment at 
975°F. increase the hardness of the surface to an extent compar- 
able with other grades but, simultaneously, precipitation of a 
phase (of unknown character) occurs in the body of the metal not 
reached by nitrogen. This results in an increase of mechanical 
strength and hardness of the core which accompanies the surface 
hardening (e.g., tensile strength of 130,000 p.s.i. increased to 
190,000 p.s.i., Brinell hardness from 275 to 415). 
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plate XI, lig. 19. Nitrided case of same grade of steel as 
Fig. 18 but on an originally severely decarburized surface; X200; 
Nital etch. A decarburized steel, slowly cooled from above the 
ii temperature, usually shows columnar grains of ferrite extend- 
ing until th(\v en(‘<)unter the normal pearlitic structure. This 
does not mean that deearburization removes all the carbon to a 
certain depth, at whicdi it suddenly increases to the normal value, 
but, when a structure with a carbon gradient cools slowly, ferrite 
forms first at the point in the structure which has the highest A 3 
point (coinpai‘c with banding, page 130) and continues to grow, 
forcing carbon away from the austenite-ferrite interface, until the 
entire structure transforms. When the decarburized, columnar 
ferrite grains are sul)se(picmtly nitrided, growth of the structure 
causes a strong outwtird force to develop. If the structure is 
weak, as in this c‘ase, tlic net result may be spalling of the case. 
Note how spalling (or cracking of the case) follows the grain 
boundari(‘s at the decarburization interface. The very large 
ferrite grains jxn-mitted very coarse nitride needles to form during 
cooling from the treatment. 

PROPERTIES 

Physical |)roi)erties of the multitudinous alloy steels cannot be 
discuss(‘d here. The “Metals Handbook’’ contains charts of 
properties of the S.A.E. types as affected by the standard heat 
treatments. DHlVrencx^s among the steels are related to the dis- 
position of the alloy ing elements, whether dissolved in the ferrite 
or in the carbide phase (or both), and to their effects on the 
distribution, part.icde size, and inherent properties of these phases. 
The question of sul)stitutcs for alloy steels is determined by the 
same basic considerai.ions. Recent improvements in the quality 
of carbon steels, particularly with regard to freedom from inclu- 
sions and aid.ainnient of uniformly fine-grained structures, have 
permitted the subst-itution of plain carbon steels for alloyed steels 
in many uses. Moreover, low alloy steels now offer deep, oil- 
hardening characteristics which formerly were attainable only in 
steels with a higluu* alloy content. (See reference on p. 120 
regarding the National Emergency (N.E.) steels.) 

The pliysical p)roperties desired in quenched and tempered tool 
steel are strength or rigidity, toughness, hardness, and abrasion 
resistance at maximum cutting or operating temperatures. It is 
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not customary to employ the usual tension test because a slight 
eccentricity of loading would not be relieved by localized deforma- 
tions in this nonplastic material and premature rupture would 
result from stress concentrations. Torsion tests, in which the 
stresses are distributed over a comparatively long distance, how- 
ever, are of great value, and when the angle of twist is multiplied 
by the ultimate torque a useful indicator of “ toughness is 
obtained. The minimum degree of toughness required should 
enable the tool to resist the stresses that normally occur in manu- 
facture and use and prevent undue cracking, chipping, or crum- 
bling of the cutting edge. Hardness is usually determined by the 
Rockwell method, although file tests can be very useful in this 
field. The wearing quality, or resistance to abrasion, must be 
determined by some form of test simulating service conditions. 
Thus, there are a great variety of cutting tests in which the 
material is made into drills, milling cutters, saw blades, etc., and 
made to perform heavy-duty service under strict control. 

CARBON STEELSi 

Carbon tool steel still maintains a wide usefulness and well- 
deserved popularity for a large variety of cutting tools. Some of 
its valuable attributes are: The high hardness which can be 
imparted to it, greater than that of many of its alloyed competi- 
tors; toughness, especially under shock; ease of fabrication; the 
readily varied degree of hardness or temper; and finally, its low 
cost. These valuable qualities have firmly entrenched it for hand 
tools, tools subject to severe shock, and tools which encounter 
only low operating temperatures. 

Steels containing up to 0.75 per cent chromium or 0.25 per cent 
vanadium are usually regarded commercially as carbon tool 
steels. Chromium in this low range imparts the quality of 
hardening uniformly to a greater depth. Consequently, carbon- 
steel drills in sizes larger than 1 in. in diameter are usually made 
from this grade of steel. Vanadium increases toughness and 
widens the permissible hardening temperature range by refining 
the grain size or restricting austenitic grain growth. 

1 More detailed information on carbon and alloy tool steels is available in 
articles by Gill {Metal ProgresSy November, 1934) and Emmons {Metal 
Progress, December, 1933), from which a part of this discussion has been 
abstracted. 
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INTERMEDIATE ALLOY STEELS 

Chromium, tun^-ston, molybdenum, and manganese in amounts 
of 1 per cent or liiglier are frequently added to tool steels. The 
objective is sometimes to increase the cutting quality and some- 
times to make the steel hardenable by oil-quenching. Com- 
mercial tools made of siudi steels are frequently marketed as 
'' carbon tools. At times, carbon tool steels containing less than 

3 per cent tungsten have been marketed as semihigh-speed steels, 
a classification to whicdi they arc not entitled (the prefix semi is 
generally mc^aningless when applied to metallurgical products). 

• Tool steel (‘.ontaining from 1 to 1.5 per cent chromium is oil- 
hardening and devcdops a good degree of hardness and excellent 
toughness together with a high resistance to wear. An unusually 
wide range of useful properties can be imparted to it by variations 
in heat treatment. Its ease of fabrication and its low cost also 
contribute to its popularity. 

Tool steel containing from 1 to 1.5 per cent manganese is also 
oil-hardening and is frequently used for intricate tool i where there 
is great danger of warping or cracking if made fro:/, plain carbon 
steel and quenched in brine. It has been particularly popular for 
die work and for forging tools. 

Other intermediate alloy steels of higher alloy content are used 
for special requirements. A good example is the steel with about 

4 per cent tungsten, 1 per cent chromium, and 1.4 per cent carbon, 
used for fine finishing tools taking only light cuts, and also for dies 
where great resistance to wear is required under low operating 
temperatures. Some makers also add small amounts of vana- 
dium to this steel. Molybdenum steels are used to some extent in 
this field, intermediate between carbon and high-speed steels. 

HIGHLY ALLOYED TOOL MATERIALS 

A recently introduced type of oil-hardening steel employs 12 per 
cent or more chromium and 1.5 per cent carbon; in air-harden- 
ing varieties minor additions of vanadium, cobalt, or molyb- 
denum are made. Such steels are used for thread rolling and 
forming dies where great resistance to 'wear is desired. They 
have been found to be quite resistant to moderate operating 
temperatures. 

The familiar 18-4-1 (Type I) composition predominates in 
field of high-speed steels (at le^t, until the war caused a shor 
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in tungsten). It is used for the majority of mass-production 
operations and is a universal standard of comparison for cutting 
quality. The peculiar property distinguishing high-speed steel 
from carbon or low-alloy steels is its ability to maintain its hard- 
ness, strength, and cutting quality at high temperatures, up to 
1100°F. (about 600°C.), or a low red heat, while carbon-steel tools 
start to soften at operating temperatures in the vicinity of 400°F. 
(about 205‘^C.). 

High-speed steels containing cobalt are harder but not as tough 
as the standard types (I, II, and III, page 171). They may be 
hardened by treatment throughout a wider range of temperature 
with less likelihood of damage by grain growth upon overheating. 
These steels, however, tend to develop a soft skin as a result of 
surface decarburization during heat-treating so that the working 
surfaces must be ground after hardening. They are particularly 
adapted for cutting hard, gritty, or scaly material. 

In the field of high-speed steels, molybdenum has long been 
known to be a possible substitute for tungsten, but it is only in the 
last 10 years that the low-tungsten, high-molybdenum types have 
come to be widely used. The chief deterrent was the decarbur- 
ization of the surface of these steels (particularly in the 1.5 per 
cent W, 8 per cent Mo type) occurring at the hardening tempera- 
ture of about 225P®F. (It may also occur to some extent when 
the steel is being preheated at about 1500°F.) This difficulty has 
been overcome in most cases by the use of a thin film of borax 
which, even though liquid at the hardening temperature, restricts 
the counter diffusion of oxygen and carbon atoms at the surface 
sufficiently to prevent noticeable removal of carbon. The use of 
borax (or other surface coatings) is messy; borax drippings in a 
furnace may alter the temperature distribution; the film on the 
quenched tool is difficult to remove; the steel is more sensitive to 
temperature variations at the high heat than the 18-4-1 ; these and 
other minor factors have contributed to a reluctance on the part 
of toolmakers and users to accept high-molybdenum types. The 
new 4 to 6 per cent tungsten and 4 to 6 per cent molybdenum type 
more closely resembles 18-4-1 in its heat treatment, with regard 
both to decarburization and temperature, and is therefore coming 
into wide use since it enables a saving of about two-thirds of the 
tungsten used in the basic h’gh-speed type. It is impossible to 
distinguish between the sir otures of the three grades when each 
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has been properly heat-treated. The difference in properties,, 
particularly cutting performance, is also minute or absent. Long 
studies in plants of large users have indicated a tendency for one 
grade to be superior for one type of cutting operation while a 
different grade might show a slight superiority for a different 
operation. The differences are usually small, apparent only from 
statistical studies, and might be far outbalanced by variability in 
the heat treatment or structure of any one type or by improper 
tool design and maintenance. 

Other materials besides high-speed steel are available for 
cutting operations at elevated temperature. The Stellite type of 
alloy containing cobalt, chromium, and tungsten must be cast and 
ground to shape and is more expensive than the steels. It 
requires no heat treatment and maintains useful cutting hardness 
at temperatures far above those permitted by the use of high- 
speed steel. 

Carbide compositions, such as Carboloy or Firthite, generally 
contain approximately 94 per cent tungsten carbide particles, held 
in position by about 6 per cent of cobalt. The alloy cannot be 
produced with a useful structure by melting and casting, but 
powders of the constituents, tungsten (or tantalum, boron, etc.) 
carbide, and cobalt are mixed, pressed to approximately final 
shape, and then sintered by heating to a high temperature in a 
hydrogen atmosphere. The aggregate possesses great hardness 
(closely approaching that of the diamond, which is the hardest 
material known), high compressive strength, but a relatively low 
order of toughness. Tools made of carbides have often been seen 
machining glass or porcelain in popular demonstrations. These 
tools are almost requisite in cutting abrasive materials of rela- 
tively low strength which rapidly dull the edges of other tools — 
such as aluminum-silicon alloys (page 95), white cast iron, 
graphite, hard rubber, slate or asbestos compositions. Carbide 
tools will cut cast irons at exceptionally high speeds which 
produce very high teini)eratures at the tool edge. In many types 
of machining w^ork, they will remove metal from forgings, cast- 
ings, etc., at rates far surpassing the best attainable with high- 
speed-steel tools. The brittleness of the material, however, 
sometimes limits its applicability since a high clearance angle 
cannot be employed. It has occasionally been found inferior to 
high-speed steels in machining some types of highly alloyed steels, 
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and it is usually inferior on machines subject to excessive vibra- 
tion by either tool or work. 

QUESTIONS 

1. (a) What heat treatment would you recommend for spheroidizing the 
cementite of steel containing 1.0 per cent carbon? (b) What is the effect of 
a coarse spheroidal carbide structure on the subsequent hardening heat 
treatment? 

2 . A steel shows a microstructure consisting of approximately 50 per cent 
free ferrite and 50 per cent coarse spheroidal carbides in a ferritic matrix. 
(a) What is the probable carbon content of the steel? (5) Describe two 
different heat treatments that might have resulted in this structure, (c) 
How could the structure be changed to show smaller spheroidal carbides 
uniformly dispersed in ferrite? 

3 . A coarsely spheroidized 1.0 per cent carbon steel gives trouble in an 
intricate machining operation. It is desired to test the machinability of 
specimens with the following structures: (a) coarse pearlite + some sphe- 
roidized carbides, (b) entirely fine pearlite, (c) entirely fine spheroidal 
carbides, (d) moderately coarse pearlite + ferrite, (e) partially spheroidized 
moderately fine pearlite. Describe the heat treatments required, in terms of 
temperatures and cooling rates, to produce these structures (if they can 
be obtained). 

4 . (a) What quenching media are used for cooling steels from the austen- 

itic range? (Arrange in order of decreasing cooling rates.) (6) What 
advantages would be gained by quenching a section of carbon steel 

into brine, then, as soon as the exterior has cooled below lOOO^F., trans- 
ferring the section into an oil bath? (c) After removing from the brine, 
holding in air a few seconds, and then replacing in the brine, what might 
the final surface structure be? 

6. How might a large screwdriver be treated, using an external source 
of heat but once, to develop a fine pearlitic structure in the shank and a 
* troostitic structure at the tip? 

6. What difficulties are associated with the hardening of dies used for 
cutting threads? How would you suggest heating a large high-speed steel 
wedge so as to bring the heavy section up to the proper hardening tempera- 
ture without ^‘burning” the thin edge? 

7. Since neither the hardness nor the toughness of a high-speed-steel 
cutting tool is usually increased by tempering at 1050°F., why should it be 
given this treatment? 
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CHAPTER XII 
CAST IRONS 

The iron-carbon phase diagram of page 110 is applicable to the 
interpretations of (iast-iron structures when modifying factors, 
such as undercooling and impurity effects, are considered. In the 
discussion of that diagram, it was pointed out that the phase in 
stable equilibrium with ferrite or austenite is graphite, not 
carbide, although the positions of important boundary lines, such 
as the eutectic, and Ai lines, are not materially displaced in 
the stable system. Cast irons, containing from 2.0 to 4. per cent 
carbon show ferrite, graphite, and carbide in their structures at 
room temperature, depending on the variables to be discussed. 

COMPOSITION 

Cast irons are essentially pig iron from a blast furnace, remelted 
, with additions of cast-iron sci'ap and, occasionally, of steel scrap 
and perhaps some ferro-alloys to modify the composition to that 
finally desired. The original pig iron is usually made particularly 
for foundry use; analyses of some typical grades are: 


Trade nanuv 

Per cent C 

Per cent Si 

Per cent S 

P 

Mn 

No. 1 — soft 

3.00 

3.00 

0.05 

0.3-1. 5 

0. 1-1.0 

No. fdry 

3.25 

2.50 

0.05 

0.3-1. 5 

0. 1-1.0 

No. 2-~-fdry 

3.50 

2.00 

0.06 

0.3-1. 5 

0. 1-1.0 

No. 3 — fdry 

3.75 

1.50 

0.065 

0.3-1. 5 

0. 1-1.0 


Stoughton, " MetaUuruit of Iron and Steel” McGraw-Hill, 1934. 


Silicon is the most important element in controlling the degree 
to which the cast iron develops a stable structure, in which carbon 
is present as graphite rather than cementite. The mechanism by 
which silicon forces carbon into the graphitic form is not well 
known nor is it certain whether, during solidification of a normal, 
hypoeutectic cast iron, the eutectic reaction is Liquid — > y + FeaC 
with a simultaneous breakdown of FeaC in the manner 

FcaC ' 3Fe (t) + (graphite) 

191 
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or whether the graphite forms directly in the eutectic reaction 
Liquid — > 7 + graphite. At any rate, assuming for the moment 
that other elements are present in low concentrations and 
that the cooling rate is moderately rapid, the absence of silicon 
causes the alloy immediately after soHdification to contain only 
primary austenite with eutectiferous austenite and carbide 
(ledeburite). A critical concentration of silicon (the amount 
required will be affected by other elements and the cooling rate) 
will cause the structure to be “mottled” — a mixture of austenite, 
ledeburite, and graphite — ^while further additions of silicon will 
cause the stable system to be attained, and the structure will then 
be austenite and graphite. Further cooling below the Ai tem- 
perature causes the austenite to transform eutectoidally, and 
again the silicon content (together with the other variables) will 
determine which of the following reactions occurs: 

(a) 7 01 + FesC or (6) 7 a: + C (graphite) 

If the silicon content is just enough to graphitize completely the 
eutectic reaction, reaction (a) may predominate at the eutectoid, 
and the final structure becomes pearlite plus graphite. A large 
excess of silicon forces the eutectoid reaction to proceed as (6), 
leamng a final structure of ferrite and graphite. Intermediate 
silicon contents may permit both reactions to occur in different 
parts of the structure, which results in a mixture of ferrite, pearl- 
ite, and graphite. The physical distribution of these phases is 
naturally of vital importance with respect to the physical proper- 
ties ’of the aggregate. Under most conditions, the maximum 
graphitization effect comes at silicon concentrations of about 3 per 
cent. Further additions may again tend to stabilize carbide, as 
well as cause iron silicides to appear. 

Manganese is in itself a moderately strong carbide-forming ele- 
ment, and its presence in cast iron tends to stabilize carbide or 
prevent graphitization. For example, if just enough silicon is 
present to give a completely graphitic structure under specific 
controlled conditions, a slight increase in manganese may make 
the iron “mottled” (partly carbide in the eutectic) or a large 
increase in manganese may cause the iron to solidify completely in 
the metastable or carbide condition. This effect is postulated on 
the absence of sulphur. 
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Sulphur chemically acts to stabilize iron carbide although it 
does not participate in the carbide formation. It has a very 
strong influence; it is ordinarily considered that each 0.01 per cent 
sulphur is sufficient to neutralize the graphitizing influence of 
0.15 per cent silicon. However, sulphur has a strong affinity for 
manganese to form a manganese sulphide compound (page 25) 
which has little influence on carbide or graphite formation. 
Therefore, the first additions of sulphur to an iron with a moder- 
ately high manganese content have an indirect graphitizing 
tendency by removing the carbide-stabilizing manganese; vice 
versa, the first additions of manganese to a moderately high 
sulphur iron remove some of the sulphur from an active to an 
inactive role and thus promote graphitization. Although the 
sulphur content of foundry pig iron may be in the vicinity of 0.05 
per cent, sulphur present in the coke enters the iron with which is 
is in contact. This may result in a considerable increase in 
sulphur content when high-sulphur coke is used and, in setting up 
a furnace charge, necessitates a compensating adjustment in 
silicon or manganese contents. 

Phosphorus chemically acts to promote carbide formation. 
Physically, it forms a phosphide eutectic with a melting point 
below that of iron and carbon. This causes the y + FesC 
eutectic to solidify over a temperature range which increases the 
critical time available for silicon to promote graphitization. 
With moderately low phosphorus contents, the physical effect 
predominates and graphitization is encouraged, but large amounts 
of phosphorus cause it to act chemically as a carbide stabilizer. 

Gaseous elements, particularly hydrogen and oxygen, may 
enter cast iron during melting and will affect the cast structure. 
Hydrogen seems to stabilize carbides (Boyles) and, when com- 
bined with ox.ygen as steam or moisture, is quite active in prevent- 
ing gi‘ai)hitization during solidification but does not seem to have 
any effect on graphitization of the solid iron. Oxygen, as iron 
oxide, seems to promote graphitization during solidification and 
retard the process in the solid alloy^ (during malleabilizing, page 
203). 

Of the alloying elements^ nickel, which like silicon dissolves com- 
pletely in ferrite, also acts as a graphitizer while the carbide- 
forming elements, specifically chromium and molybdenum, tend 

1 Boegehold, Trans. A.S.M.j 26, 1084, 1938. 
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to stabilize carbide. The effect of alloying elements on the mode 
of dispersion and particle size of the basic phases, ferrite, carbide, 
and graphite, is the chief reason for the use of alloy cast irons. 

UNDERCOOLING 

In general, very slow cooling tends to permit equilibrium condi- 
tions to be attained in alloy systems. In the iron-carbon system, 
graphitization is assisted by slow freezing and retarded or pre- 
vented altogether by rapid freezing, or chill-casting, unless the 
composition is adjusted by increasing silicon and decreasing 
manganese and sulphur. If such an adjustment is made, the 
graphitic structure would be expected to be finer grained by 
reason of the more rapid nucleation of crystallization in under- 
cooled liquids. 

Since both ferrite and carbide are white, the broken surface of 
a cast iron that contains only these phases shows a white fracture 
and the metal is called a white iron. A cast iron that contains 
only ferrite and graphite (or even pearlite and graphite) breaks 
along the graphite phase. Even though the graphite is discon- 
tinuous, a fractured surface contains enough sooty graphite to 
have a gray color, and the metal is called a gray iron. The 
mottled structure already spoken of is a result of the iron's being 
graphitic in some ar.eas and carbidic in others. 

The relation between the color of the fracture and the structure 
of a cast iron makes it quite easy to test an iron of a specific com- 
position for degree of graphitization. The degree of undercooling 
may be varied by pouring the liquid iron in a wedge-shaped mold. 
At the thin end of a wedge, less hot liquid metal and more heat- 
abstracting material are present, and the cooling rate is quite 
rapid. As the thickness of the wedge increases, the cooling rate 
is correspondingly slower. The fracture of the cast wedge will 
show at what thickness of a casting having varied sections, 
mottled or white iron is likely to be encountered. 

MICROSTRUCTURES (PLATE XII) 

Plate XII, Fig. 1. Commercial white cast iron (about 2.50 per 
cent C); X50; Picral etch. This specimen shows a hypoeutectic 
structure in which the gray background was. chiefly primary 
austenite but transformed on later cooling to pearlite. The 
white masses are iron carbide. The eutectic structure of y and 
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FesC is not very evident since the austenite part of the eutectic 
was alongside, and indistinguishable from, the primary austenite. 
Although white iron is ordinarily considered to be brittle, hard, 
and unmachinable, this structure is sufficiently low in carbide for 
the pearlite to be nearly continuous; the iron showed a slight 
ductility in the tension test and could be machined. 

Plate XII, Fig. 2. Same white iron; XI, 500; Picral etch. At 
a high magnification, details of the pearfitic background and 
massive carbides become readily visible. Although in this 
hypoeutectic structure three different forms of carbide should 
exist, specifically, eutectic FcaC, FcsC separating out from y along 
the Acvi line, and eut(H‘tx)id carbide, only the first and last are 
visible. Presumably, Fe 3 C separating out from austenite along 
the Ac 7 n line formed on the massive, eutectiferous FesC already 
present rather than at the austenitic boundaries. This form of 
preferred nucleation, or in reality, growth of present large nuclei, 
is rather frequently encountered in all alloys where a comparable 
condition may exist. Here, the eutectoid reaction was normal 
and all of the eutectoid carbon apparently formed pearlitic 
carbide. 

Plate XII, Fig. 3. liigh-carbon white cast iron (about 4.0 per 
cent C); X50; Picral etch. This structure appears to be com- 
pletely eutectiferous, showing only ledeburite. Again the white 
structure is carbide, appearing in this chill-cast structure in a 
needlelike form. The background was austenite as the eutectic 
solidified. 

Plate XII, Fig. 4. Same white iron; X800; Picral etch. At a 
higher magnification, details of the ledeburite structure become 
evident. The white carbides stand in relief with ferrite in 
between, since the intervening austenite did not normally trans- 
form to pearlite. The carbide forming from austenite along the 
A cm line built up on the eutectiferous carbide masses, as in Plate 
XII, Fig. 2, but in addition, carbide from the pearlite reaction 
also tended to form on the FesC already present. In some areas, 
this has resulted in a completel,y abnormal structure (see page 156) 
whei'e only h^rrite and massive carbides are visible while, in other 
places, some small areas of fine pearlite (dark masses) are visible. 

Plate XII, Fig. 5. Standard malleable cast iron; X50; Nital 
etch. If the white cast iron of Fig. 1 were heated long enough 
below the eutectic temperature, the carbide would decompose to 
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graphite by the reaction FesC ~>3Fe (7) + C (graphite). The 
graphite forming in a solid structure grows in all directions from 
nuclei in the carbide to form nodular graphite or temper carbon 
particles in austenite. Very slow cooling through the eutectoid, 
with sufficient amounts of dissolved silicon present, causes the 
eutectoid reaction to be in the form, 7 a + C (graphite), and 
this additional graphite forms on the nodules already present. 
The end structure shown here consists of a continuous, moder- 
ately fine-grained ferrite containing irregular, randomly dispersed 
graphite nodules. 

Plate XII, Fig. 6. Malleable cast iron; X300; Nital etch. At 
a higher magnification, details of the ferritic matrix and nodular 
(or temper”) carbon particles are more evident. 

Plate XII, Fig. 7. Chill-cast gray iron from an automotive 
hydraulic brake cylinder; XlOO; Nital etch (very light). This 
structure is recognizable immediately as hypoeutectic, with 
primary dendrites surrounded by a continuous eutectic structure. 
The primary dendrites were austenite which subsequently trans- 
formed to pearlite, but the light etch has not darkened the pearl- 
itic structure. The black eutectic structure is of pearlite (7 
during the eutectic reaction) and very small graphite flakes. The 
eutectic structure is fine as a result of the chill-casting. In order 
to chill-cast the iron and still obtain a graphitic structure, the 
silicon content must be quite high, with manganese and sulphur 
low or balanced. 

Plate XII, Fig. 8.’ Chill-cast iron (Fig. 7) at X 1,000; light 
Nital etch. This high manification shows the pearlitic character 
of the primary dendrites (which solidified as austenite) and the 
very fine (as compared to normal cast iron, Plate XII, Fig. 9) 
graphitic carbon flakes. The white structure P with small holes 
is a eutectic structure of iron phosphide, called steadite. 

Plate XII, Fig. 9. Gray cast iron at X50; as polished with no 
etch. The graphite flake structure of ordinary cast irons is most 
readily visible in the unetched structure since the black “grooves ” 
representing the graphite show up best against a white back- 
ground. The size of these flakes is evidently about twenty times 
those of the chill-cast iron (Plate XII, Fig. 8). Until fairly 
recently, most photographs of cast iron appeared to have tremen- 
dously greater amounts of graphite than actually were present. 
This exaggeration occurred when polishing with the usual cloths 
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having a long ''nap’’; cloth fibers dug out the soft graphite, and 
the abrasive powder on the cloth gradually widened the narrow 
channel formerly occupied by graphite. Short-napped cloths, 
such as silk, or lead laps containing a fine abrasive leave more 
scratches but give a truer indication of the size and distribution 
of graphite. 

Plate XII, Fig. 10. Gray cast iron at X50; light Nical etch. 
This is a somewhat different iron from Fig: 9, having more and 
larger graphite flakes. The white area adjacent to the graphite 
is generally ferrite (with silicon, etc., in solid solution). Light- 
gray areas are peaiiite. 

Plate XII, Fig. 11. Soft gray cast iron at X300; Nital etch. 
At this high magnification, the pearlitic part of the background of 
the iron is resolved. The pearlite in ordinary moderately soft 
cast irons is coarser than in steels, because of slower cooling 
through* the critical temperature and the higher silicon content 
and coarser grain size of the austenite. The white structure 
adjacent to the graphite is ferrite (a) and, in addition, some 
steadite is visible (P) . 

Plate XII, Fig. 12. Relatively hard roll iron at X300; Nital 
etch. This iron is used for cast-iron rolls employed in rubber 
mills. It is noticeably harder and more abrasion resistant than 
ordinar}^ soft ii'on, for two reasons; (a) there is more carbon in the 
combined form as peaiiite, and (6) there is a much higher phos- 
phorus content and the iron contains large areas of the hard, 
white phosphide eutectic (marked P). 

Plate XII, Fig. 13. Iligh-strength gray cast iron; XlOO; 
unetched. This iron with a low silicon content was melted in a 
special (Bracklesburg) furnace and then treated with powdered 
ferro-silicon just before casting. The structural effect is similar 
to that of sodium added to aluminum-silicon alloys before casting 
(see page 88), but the mechanism is different. Here, the total 
silicon content is sufficient to cause the iron to be graphitic and 
relatively free from large carbides, even in thin sections, and the 
addition of the ferro-silicon at the proper time provides many 
more nuclei for solidification with a resultant refinement in struc- 
ture. The size of these graphite flakes should be compared with 
those of Figs. 9 and 10. 

Plate XII, Fig. 14. High-strength cast iron (Fig. 13) at 
X 1,000; Nital etch. The matrix structure of the high-strength 
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iron is almost completely pearlitic although a few small ferrite 
areas are visible {a), as well as some steadite^ (P). 

Plate XII, Fig. 15. High-strength alloy (Ni, Cr, and Mo) cast 
iron; XlOO; unetched. Additions of nickel, chromium, and 
molybdenum, with the carbide-stabilizing effect of the chromium 
and molybdenum balanced by the graphitizing effect of nickel and 
silicon, result in a greater refinement of graphite flakes than can 
be achieved by iron-silicon inoculation. Note in this structure 
that the graphite shows an interdendritic form of dispersion. 
This iron at X 1,000 has a structure very similar to that of Plate 
XII, Fig. 14; pearlite, a few ferrite areas, and fine graphite. 

Plate XII, Fig. 16. Alloy cast iron; X 50; Picral etch. This 
iron has less alloy content than Fig. 15; it contains 3.0 per cent 
C, 1.70 per cent Ni, and 0.6 per cent Mo (trade name, Ni-Tensyl). 
The graphite flake size is decidedly smaller than ordinary gray 
iron, while the matrix is a eutectoidal ferrite-carbide aggregate. 

Plate XII, Fig. 17. Heat- and corrosion-resistant alloy cast 
iron; X50; Nital etch. This is a highly alloyed austenitic iron of 
the follomng composition: 2.75 per cent C, 14. per cent Ni, 2 per 
cent Cr, 6. per cent Cu (trade name, Ni-Resist). Variations in 
shading of the austenite (from, white to light brown) show coring 
in the solid-solution austenitic dendrites. The small, bent, black 
streaks are graphite flakes, and the fine eutectiferous network 
represents carbides. 

Plate XII, Fig. 18. Abrasion-resistant alloy cast iron (Ni- 
Hard); 3.5 per cent C, 4.5 per cent Ni, 1.7 per cent Cr; XlOO; 
Nital etch. This structure is also clearly hypoeutectic with 
primary dendrites surrounded by a fine eutectic structure. The 
highly alloyed austenite is so sluggish in transformation that it 
becomes martensitic at ordinary cooling rates in the mold after 
casting. . In addition, the eutectic structure contains an alloy 
carbide. The aggregate is hard and unmachinablc ; it can be cut 
only by grinding. 


PROPERTIES 

Structurally, the matrices of gray cast irons resemble steels in 
that they contain varying proportions of ferrite and pearlite. 
The ferrite may^ be a little stronger than that of most carbon 
steels, because of the dissolved silicon, but the pearlitic part of 
the structure may be softer as a result of its somewhat greater 
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coarseness. Overbalancing both of these factors is the weakening 
and embrittling effect of a relatively large amount (3 per cent by 
weight corresponds to 12 per cent by volume) of the soft, brittle 
graphite flakes which disrupt the continuity of the plastic matrix. 
The edges of the flakes are likely to be comparatively sharp, and 
each acts as an internal notch which, upon deformation, tends to 
initiate a crack in the plastic matrix. For this reason, gray cast 
irons break mth a brittle fracture and, until the past decade, at 
stresses of only 20,000 to 30,000 p.s.i. In recent years, strengths 
have been increased until around 60,000 p.s.i. is a common value. 
Some foundries have been pouring iron for several years with no 
test bars in the 60,000-p.s.i. class ever brealdng below this value. 
There are classifications of 30,000, 40,000, 50,000, and 60,000 p.s.i. 
cast iron. The higher strengths have been achieved in two ways; 
by greatly refining the graphite flake size {e.g., Plate XII, Figs. 13 
and 15) and by attaining a fine, completely pearlitic matrix. 
Success in achie\’ing this structural condition is dependent on 
close control of the chemical composition of the iron and of 
pouring temperatures. 

Aside from strength properties, gray cast irons have several 
other features which fit them particularly well for certain applica- 
tions. The relatively low melting point and ready castability of 
irons makes them relatively cheap, although, naturally, costs will 
be increased if liigh-strength specifications require laboratory 
control and use of alloying elements. More important in some 
applications is the fact that the internal structural discontinuities 
offer sites for the local dissipation of vibrational energy. This is 
equivalent to saying that gray cast irons have a high internal fric- 
tion or damping capacity. Used as a base for machinery or any 
equipment subject to vibration, the structure of the iron permits 
the vibrations to be absorbed internally. Machine bases, or 
piano frames, could be made of welded steel assemblies, but these 
assemblies would not so readily absorb external vibrations and, at 
frequencies approaching the natural vibration period of the struc- 
ture, the amphtude of vibration might well increase to the point 
where the structure would break by fatigue stressing. The great 
importance of this feature of cast irons is just coming to be 
recognized and more fully utilized; e.g., in the Ford cast 
crankshaft. 
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Malleable iron castings are of intermediate cost and properties 
between gray iron and steel. ^ The nodular form of graphite, or 
temper carbon, does not interrupt the continuity of the ferritic 
matrix, and the aggregate may show strengths of around 55,000 
p.s.i. combined with elongation values in the vicinity of 12 to 18 
per cent. Two fairly recent developments have been of engineer- 
ing significance. Closer control of composition and pouring 
temperat-urc's (sometimes achieved by the use of special melting 
furnaces) has given a metal that is consistently white in the 
aS“Cast form and yet quickly graphitizes upon reheating. This 
possibility of qui(*ker graphitization has been successfully utilized 
by the dev(do))m(mt of new annealing furnaces in which castings 
need not be packed in an insulating carbonaceous material (to 
protect them from excessive scaling) and require a week to heat, 
to hold, and to cool from the annealing temperature but in which 
the malleabilizing treatment can be completed in 48 hr. or less. 
Uniform results can be achieved only by uniformity of heating 
during annealing, a reciuirement best met by long, continuous 
furnaces of small cross section. A second development has been 
of malleable cast iron containing temper carbon nodules in a 
pearliti(‘. ratlier tlian a ferritic matrix. The pearlitic structure 
enables the iron to show strengths in the vicinity of 70,000 to 
80 000 p.s.i. and good elongation, 6 to 12 per cent. Some ' 
foundries v.iill tliis material semisteel, but the disrepute of this 
meaningless word has led to the use of the more exact descriptive 
term Pedvltiic M (lUcable. 

Heat treatment of (‘-ast irons will not affect the graphite struc- 
ture, at least not that representing carbon in excess of the amount 
soluble in austenite. (This is the reason that malleable cast iron 
must be entirely “ white as cast; graphite forming as flakes at a 
high tempeu-atJu-e cannot be changed to the nodular form.) 
However, rehetiting of pcxuhtic malleable or gray cast iron above 
the criti(*al temperaUires develops austenite of eutectoidal carbon 

^ In many applic.atious, pearlitic malleable cast iron and cast steel may be 
used interchangeably, and in these cases, malleable iron enjoys a competitive 
advantage. While its heat treatment may be more expensive, there is a 
lesser cost from : (a) scrap lost in risers and (h) cost of removing risers (the 
risers can be knock(al off the original white iron castings with a hammer while 
thiy must bo c\it from steel casting). 
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content. This austenite will behave on cooling in a manner 
nearly identical to that of an eutectoid steel (see Chap. X) ; it may 
be quenched to martensite and then tempered, it may be aus- 
tempered^’ to hard but tough bainite structures, it may be air- 
cooled to develop a finer pearlite than was originally present, or it 
may be very slowly cooled to effect a more complete graphitiza- 
tion and, consequently, a softer structure. 

There are several cast irons for special applications. A high- 
sihcon cast iron (trade name, Duriron) resists sulphuric acid 
attack at all concentrations as well as many other chemicals. 
The martensitic cast iron (Plate XIT, Fig. 18) shows particularly 
high resistance to wear and is applicable for many uses in which 
white cast iron or Hadfield manganese steel do not show sufficient 
service life. 


QUESTIONS 

1. What structural characteristics and consequent properties may be 
developed by the use of “chills” on the treads of freight-car wheels during 
casting of a normally gray iron? 

2. What factors are responsible for the widespread use of cast-iron pipe 
for water or gas conduction? 

3. In what respect might the structure of gray cast iron be considered 
suitable for use as a bearing material? 

4. Gray cast-iron brake linings for busses may show cracks after hard ser- 
vice, in which localized frictional heat momentarily raises the surface layer 
to a temperature well above the critical (Ai) point. What would be the 
cause of the localized crack formation, where would the cracks appear in 
relation to the surface structure and what micrographic constituents would 
probably be visible in this zone (refer to Question 6 (6), page 164)? 

6. Compare the normal and optimum mechanical properties of unalloyed 
gray cast iron, malleable cast iron, and cast steel. 

6. If chromium or molybdenum is added to iron, why is nickel usually 
added also and in somewhat greater amounts? 

7. Compare a nickel-molybdenum cast iron with plain gray iron with 
regard to: (a) machinability, (6) strength, (c) structure, (d) applications. 
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CHAPTER XIII 

MONOTECTICS; SINTERED METAL POWDERS 


There are many binary alloy systems in which the component 
metals do not show complete mutual solubility in the liquid form. 
Examples of this type include: Fe-Sn, Cu~Pb, Ni-Pb, Cu-Cr, 
Cu-Co, Cu-Mo, Cu-W, CmS, Cu-Se, Cu-Te, Ag-Ni, Ag~W, 
Ag-Mo, Al-Cd, Al-Pbj Zn-Pb, Zn-Bi, etc. In a few cf these, such 
as the silver-molybdenum system, the metals seem to show almost 
no liquid solubility. In most of the others, however, the two 
liquid metals show some mutual solubility at temperatures near 
the melting point of the more refractory constituent and form a 
homogeneous liquid if the temperature is increased to a suffi- 
ciently high, value. 


PHASE DIAGRAM 

The silver-nickel phase diagram (Fig. 13, page 206), shows two 
horizontal lines, at 960. 5°C. (0.5° above the melting point of 
silver) and at 1435^0. (17° below the melting point of nickel). At 
960.5°, an a solid solution consisting of almost pure silver (con- 
taining only about 0. 1 per cent of nickel) forms by a peritectic reac- 
tion between liquid silver and the phase. The peritectic 
concentration is so near to pure silver in composition that it 
cannot be showm in the figure. At 1435°, a liquid of 95 per cent 
nickel reacts to form a small amount of liquid containing about 
97 per cent silver and a large amount of the q!(N 5 ) phase, contain- 
ing 4 per cent silver in solid solution. The reaction, written in 
the form 


Liquid(95^^ Ni) Hquid(3% Ni) + 

is called a monotectic. It consists, essentially, of a considerable 
change in the composition and proportionate amount of a liquid 
phase, occurring at a constant temperature, as a result of the 
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rejection of a solid phase. Above the monotectic horizontal, 
there is always a dome-shaped field (not reproduced completely 
in the figure), and alloys at temperatures and concentrations 
within this field consist of two liquid phases. Since there is 
usually a considerable difference in specific gravity of the two 
liquids, they tend to separate into two liquid layers in a manner 



Fig. 13. — Phase diagram of the silver-nickel alloy system showing a mono- 
tectic horizontal at 1435°C. and a peritectic at 960.5°C. The diagram between 
10 and 90 per cent Ni has been omitted since the phasial relations indicated on 
the diagram apply throughout this section. 

similar to oil and water. Thus, binary alloys of compositions 
under the ''dome'' cannot usually be melted and cast, particu- 
larly in large sections, without serious liquid segregation which 
lesults in a nonuniform distribution of the ultimate solid phases. 
Alloys of this type are successfully produced by mixing metal 
powders and sintering at a temperature under that of the mono- 
tectic (although this is not the only field of application of powder 
metallurgical methods) . 
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MICROSTRUCTURES (PLATE XIII) i 

Plate XIII, Fig. 1. Alloy of 60 per cent Ag, 40 per cent Ni; 
X 1,000. Powders of the two metals were mixed in the specified 
proportions, pressed into the desired shape, and then sintered at a 
temperature slightly below the melting point of the silver. The 
gray irregular shapes represent the original nickel powder, while 
the continuous, dark matrix is the silver phase. (The relative 
areas of o'(Ni) shown in this small section are not 

representative.) Slow cooling from the sintering temperature 
permitted nickel, which had dissolved (up to 0.1 per cent) in the 
silver, to precipitate as the oum) phase and caused the silver-rich 
phase to appear dark except for light areas adjacent to the nickel; 
here nucleation for precipitation was furnished by the nickel 
particles (an effect discussed in several previous sections, e.g., 
abnormal steel structures). 

Plate XIII, Fig. 2, Alloy of 60 per cent Ag, 40 per cent Ni; 
rolled; X 1,000. The continuous ductile silver matrix of the 
previous specimen permitted the specimen to be rolled, after 
which it was reheated to the sintering temperature and rapidly 
cooled. This mi(u’ograph of a section transverse to the rolling 
direction shows much less than the expected amount of nickel, 
perhaps because of segregation resulting from inadequate mixing 
of the powders. The harder, gray nickel particles stand in relief 
while the annealing twins in the silver matrix are evidence of the 
working and heating. The primary purpose of rolling the original 
sintered aggregate was to eliminate porosity and attain a sound, 
dense structure. 

Plate XIII, Fig. 3. Alloy of 60 per cent Ag, 40 per cent Mo; 
X 1,000. Powdered metals of these two components were mixed, 
pressed, sintered, rolled, and resintered. In this system, there is 
practically no mutual liquid solubility. The silver again forms a 
continuous ductile matrix phase which permitted the sintered 
compact to be rolled without breaking. Twins in the silver phase 
again are evidence of the deformation and subsequent reheating. 
In addition, the elongated stringers of the gray molybdenum 

^ The photomicrographs in this section, together with pertinent informa- 
tion regarding preparation of the specimens, were supplied by Professor 
3. J. Comstock of the Stevens Institute of Technology. 
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Plate XIII. Figs. 1-3. 
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phase are evidence of deformation (c/. slag stringers in wrought 
iron, page 17). 

Plate XIII, Fig. 4. Alloy of 94 per cent tungsten carbide, 
6 per cent (‘.obalt; X 2,000. Powders of the carbide (dark gray) 
and cobalt (light matrix) were mixed by grinding together in a 
ball mill for many hours. After grinding, the external shape of 
the carbide particdes is quite different from that shown here; the 
milling of the brittle (uirbide resulted in a form characteristic of 
such materials, with little evidence of crystallinity. The milled 
powder mixture was then pressed to approximate final shape and 
sintered in a hydrogem atmosphere at a temperature above the 
melting point of the (‘obalt but below that of the carbide. There 
were too many of the solid, interlocking carbide particles for any 
“floating” segregation to occur, but the liquid cobalt phase dis- 
solved tungsten carl)ide to an amount of about 18 per cent of its 
own weight (thus, the proportion was about 93 per cent solid 
carbide and 7 per cent licpiid). On cooling, most of the carbide 
which was dissolved in the liquid cobalt precipitated on the 
undissolved carbides already present (again, preferred nucleation) 
and left the final particles in this characteristic crystalline form. 

Plate XIII, Fig. 5. Sintered carbon steel; X 1,000. Carbur- 
ized iron powder was (‘ompacted at 50,000 p.s.i., sintered 1 hr. 
at 1120°C. (2050°F.), and slowly cooled. The structure is that 
of an annealed steel containing about 0.30 per cent carbon; it 
shows ferrite and coarse pearlite. In addition, a few oxides are 
visible and some small pores. 

Plate XIII, Fig. 6. Diffusion of Zn into Cu powder; X 1,000. 
Zinc and copper powders were heated together (without pressing) 
at a temperat\ire at which no melting occurred and the loose 
powders did not sinter. The large particle shows a core of cop- 
per, a narrow zone of a and a wide zone of ^ brass. Small par- 
ticles in this field have been completely converted to the phase. 
All of these structures resulted from an inward diffusion of zinc, in 
the form of a vapor, from the surface of the copper particles. 

PROPERTIES AND APPLICATIONS 

The silver-nickel and silver-molybdenum alloys shown here 
cannot be produced with the proper distribution of the two phases 
except by powder metallurgical methods. The alloys have 
particular application as contact- materials in electrical circuit 
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breakers and other similar uses. The silver, constituting the 
continuous phase, has a veiy high electrical conductivity and is 
present in amounts sufficient to prevent heating of the contacts 
under closed circuit conditions. At the same time, the silver 
areas are so small that, even though they fuse in spots, the 
contact-opening mechanism can readily break these small, fused 
areas. The sc(^ond pliase of a refractory metal prevents fusion of 
large areas under the action of an accidental electrical arc. 

The tungstcm (*arbide material represents another specific 
structure that cannot be obtained by ordinary melting and cast- 
ing procedures. This alloy can be melted and cast without 
segregation, but the brittle tungsten carbide phase solidifies to 
form a continuous structure. Thus, the aggregate is too brittle 
to be used in the cast form and the structure cannot be hot- 
worked or modified by heat treatment. When powders are mixed 
and sintered, the cobalt forms a practically continuous structure 
enveloping eacli ca-rbide particle. It is possible to modify the 
thermal conductivity and other properties of the sintered carbides 
by altering the amount or composition of the matrix cobalt. 
Other sintered carbides than tungsten have been produced by 
similar techniques and successfully employed as cutting tools 
(c/. page 189). 

The other structures reproduced here are of alloys customarily 
prepared by normal metallurgical methods. However, powdered 
iron (sometimes in a slightly carburized condition) is being proc- 
essed by pressing and sintering to make gears and other similar 
parts. The basis of this application is purely economic; powder 
methods can produce a large number of articles to a close dimen- 
sional tolerance at a low unit cost if the metal powders are not too 
expensive. The additional cost of metal in a powdered form and 
of pressing and sintering equipment may frequently be more than 
offset by the saving in the gross weight of metal and the costs of 
removing excess by machining of forgings or castings. 

While brass is ordinarily cast or wrought, the micrograph show- 
ing diffusion of zinc into copper particles is illustrative of the 
diffusion process, occurring during sintering, which converts pure 
metai powders into alloyed aggregates. Powdered copper-base 
alloys were mentioned on page 70 as being of importance in the 
field of bearings, and, in this application, structures can be 
obtained with a degree of porosity greater than any foundry can 
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produce. Of course, the important aspect is a controlled disper- 
sion of porosity for soaking up oil without having large areas with 
no supporting metal underneath. The spot-welding industry 
owes its economic usefulness very largely to the development of a 
copper-molybdenum alloy, necessarily produced from powders, 
for tips on the contact electrodes. As in the silver-molybdenum 
alloy, the copper is continuous and supplies the required con- 
ductivity while the refractory molybdenum prevents the material 
being welded from fusing to the electrodes with an associated 
sticking, tearing, and necessity for frequent tip-redressing. 

Finally, it is possible to produce from powders aggregates of 
metals and nonmetals, such as asbestos, to meet specific service 
requirements not attainable othermse. It is not within the scope 
of this book to discuss all of these possibilities or to dwell on the 
actual forming and sintering methods employed in producing the 
structures. The size and shape of the original metal-powder 
particles, the pressing temperature and pressure, the sintering 
temperature and time, are all factors affecting the final density 
and structure and are subjects of active experimentation. It is 
sufficient to say here that, under optimum conditions, dispersions 
of two or more phases can be created in a form not attainable by 
normal methods of casting, working, and heat-treating. Conse- 
quently the aggregates may have unusual and very valuable 
properties for specific applications. However, the structures are 
still amenable to reasoning based on phasial relationships, 
deformational characteristics, etc., as covered in this book. 
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CHAPTER XIV 
GENERALIZATIONS 


Nonferrous metals differ among themselves, as well as from 
irons and steels, in their response to alloying and to mechanical 
and thermal treatments. However, the differences are essen- 
tially in the degree, not in the kind, of reactions encountered; all 
metals and alloys have been found to follow the same general 
pattern of behavior. Variations in the details of the pattern are 
shown to a considerable extent by the specific alloy phase dia- 
grams altho\igh, it should be emphasized, these deal with the 
constitutional or phasial I'elationships and not directly with struc- 
tures. Structures may be varied, by mechanical or thermal 
treatments, without disturbing the phasial equilibrium in a 
chemical sense cold-working, or spheroidization of carbides 
in a steel). In other cases, a high-temperature treatment may 
be required to change the number or kind of phases present, in 
order to obtain a new and controlled distribution of these phases. 
The constitutional diagrams are highly useful in disclosing the 
basic structural elements available, as a function of the alloy 
composition, and frequently are useful in realizing the potential 
values of the alloy. 

BINARY PHASE DIAGRAMS 

1. I^etween two separate single-phase fields, there is always a 
region, in concentration and tempei'ature, of alloys containing a^ 
mixture of the two phases. 

2. At a given temperature T in a two-phase field, the equilib- 
rium composition of each of the two phases is given by the inter- 
sections of a horizontal line, drawn at T, with the two-phase field 
boundary lines. By Gibbses phase rule, when the temperature of 
an alloy in this field is varied, the composition of each phase is 
automatically fixed. 

3. The relative proportions of the two phases for a specific alloy 
at T are given by the lever rule (see page 49). 
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4, At all compositions along a horizontal line of the diagram, 
three (and only three) phases can coexist. The situation is most 
simply represented by an equation in which the phase meeting 
the horizontal in the form of a notch, somewhere along its length, 
is in equilibrium with the two phases at the ends of the horizontal 
(example: eutectic, Chap. V; peritectic. Chap. VII; eutectoid, 
Chap. VIII; monotectic, Chap. XIII). In a binary alloy, the 
coexistence of three phases is possible only at a fixed temperature; 
Le., the period of their coexistence is indicated by a constant 
temperature on a cooling curve. 

5. Equilibrium conditions may be attained only upon extremely 
slow beating or cooling and, in general, time may approach tem- 
perature in importance when considering metallurgical reactions. 
The phase diagram enables one to predict qualitatively the direc- 
tion of departures from equilibrium encountered in commercial 
alloys. Specific cases are discussed in Chaps. IV to VIII and X. 

MICROSTRUCTURES 

1. Homogeneous single-phase alloys show a uniform structure 
with grain boundaries (or twins) as the only distinguishable 
detail. In etched nonhomogeneous (cored) solid solutions, the 
dendrites in the east structure may efface grain boundaries 
(see Chap. IV). 

2. In hypo- or hypereutectic alloys, the eutectic, if present in 
sufficient amounts (usually 5 to 10 per cent of the structure is 
enough), appears as a continuous, two-phase structure surround- 
ing primary dendrites of the excess phase (Chaps. V, VI, XII). 

3. When a second phase forms in a solid alloy under circum- 
stances requiring diffusion, it appears first, or in greatest quanti- 
ties, at grain boundaries of the phase already present, unless the 
alloy is in an unstable or cold-worked condition, when nucleation 
may be quite general (Chaps. VI to VIII, X). If formation of 
the new phase does not involve diffusion, as in the martensite 
transformation, nucleation is general throughout the structure. 

4. The orientation of a new solid phase must be crystallo- 
graphically related to that of its parent solid phase as a result of 
the necessity of lattice matching during nucleation of the new 
phase. When the new structure grows in the form of plates, 
needles, or polyhedra, these form a geometrical pattern which is 
called a Widmanstatten structure. 
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5. Undercooling tends to increase the nucleation rate of a 
reactionj whetbei it be a solidification process or the separation of 
one or more new phases from the solid state, with a corresponding 
decrease in grain or particle size. Reactions involving diffusion 
of two elements may be entirely suppressed by rapid cooling with 
the appearance of metastable or transitional phases. The alloy 
concentration of eutectics and eutectoids may be increased, 
decreased, or widened to a range by undercooling. 

6. dhe structure obtained by heating any alloy to a specific 
temperature T is stable and will remain unchanged for any lower 
tempc^rature, regardless of the cooling rate, unless the phase 
diagram indicates a change of composition or structure occurring 
between T and room temperature. Thus, a structure may be 
stabilized by heating to a temperature slightly above that encoun- 
tered in service. 

7. Disperse particles of a second phase are subject to growth, 
generally in a spherical form, if heated for long periods of time at 
a high temperature unless (a) the phase is completely insoluble, or 
(6) it is completely soluble, in which case, the particles disappear. 

PROPERTIES 

1. The strength and hardness of metals are increased by: 

a. Decreasing the grain size (effect small, except for extremely 
fine grains, sec Chap. III). 

b. Cold deformation (effect moderately strong, see Chap. III). 

c. Adding another element in solid solution (effect generally 
small but variable for different solute elements and concentrations 
and greatest when the solution is inhomogeneous or cored, 
see Chap. IV). 

d. The presence of a second phase in a moderately coarse form 
(effect moderate, sec Chaps. V to VIII). 

e. The presence of a second phase in an extremely fine disper- 
sion (effect very strong, see Chaps. VI, VII, X). 

2. Ductility properties generally decrease to an extent propor- 
tional to the increiuse in strength (important exceptions; a few 
solid solutions such as a brass. Chap. IV, certain age-hardenable 
alloys. Chap, VI, and a part of the range of pearlite and bainite 
structures. Chap. X). 

3. In two-phase alloys, the mechanical properties (particularly 
plasticity) are basically determined by those of the continuous 
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phase in the structure even though it is present in relatively small 
proportions (for example, hypoeutectic aluminum-silicon and 
aluminum-copper alloys, Chap. VI). A general quantitative law 
has been proposed^ stating that the resistance to deformation of a 
two-phase structure consisting of a plastic matrix and a disperse 
hard constituent varies linearly with the logarithm of the average 
length of uninterrupted path through the continuous phase. 

4. Physical as well as mechanical properties are affected by 
structural variations. For example, both thermal and electrical 
conductivities are decreased by addition elements in solid solu- 
tion. When an element is added in amounts exceeding the 
solubility limit, the effect of the second phase appearing in the 
structure will depend on the conductivity of that phase and its 
dispersion; if it has a low conductivity and forms a continuous 
structure, it will have an effect disproportionate to the amount 
present. Other physical properties, such as magnetism, are 
frequently more related to atomic structure than to the visible 
microstructure. 

5. Corrosion properties are not amenable to many generaliza- 
tions, but one of considerable importance, associated with struc- 
ture,* is: the localized precipitation of a second phase at grain 
boundaries of the matrix solid solution may result in a severe, 
electrolytic-cell type of corrosion at the boundary areas with a 
considerably more serious diminution in strength properties than 
an equivalent corrosion distributed uniformly over the entire 
surface. 

6. Failure to achieve the expected service life from a metal may 
often be traced to faulty mechanical details rather than to internal 
flaws or improper microstructures. Considerable internal poros- 
ity may be tolerated in a casting if the porosity occurs in areas 
subjected to low stresses, e.g., in the center of a section subjected 
to bending forces. Surface defects, such as scratches, tool marks, 
or intergranular corrosion ^'notches, cause high localized stress 
concentrations; if the surface is a very plastic material, such as 
annealed copper or aluminum on Duralumin (Alclad), localized 
plastic flow may reduce the stress concentration to the point 
where it is insignificant. An equivalent stress concentration at 
the surface of a less plastic material may seriously reduce the 
impact or fatigue strength of the metal even when there is no 
apparent reduction in the ordinary tensile strength. 

; et al.j A.S.M. Preprint, 1941, 
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Abnormal struct-iiro, steels, 156, 168, 
195 

Abrasive papers, polisliing, 3 
Acicuihir, martcaisitc', 144 
Age-hardeninfi;, alloy s.ysteras, 92 
effect of Fc in Al-du alloys, 82 
essential phase rchiitionships, 73 
hardness (diang(‘s, Al-Cu, 90 
during nitriding of st-eel, 183 
nuclcation of pr(‘e.ipitate, 86 
precious-metal alloys, 92 
queneli-agiiig, 112 
of steel, 92 
theory, 76 

Alloying elements, in east irons, 200 
c'ff’ect of, in st(‘.els, on critical tem- 
peratuH's, 167 
on hardenal>ility, 1-18, 168 
on phase diagram, Fe-(1, 167 
on structiiiaw, 167 
Alloys, binary, definition, xii 
ternary, 71 
quaternary, 71 
Alpha })ra,sses, 107 
Alpha phase, definition, 47 
Aluminum, <5ommer<‘ially pure, 25 
Aluminum alloys, 72 
anodic tia^atnient, 95 
castings, sand, 94. 

No. 12, 112, 212 (8% Cu), 78, 94 
No. 43 (5% Si), 94 
No. 47 (13% Si), 78, 88, 94 
No. 132, LO-hh\ (13% Si-h), 95 
No. 195 (4% Cu-heat treated), 
80, 94 

No. 220 (10% Mg-hcat treated), 
94 

castings, die or iron-mold: 

No. 5 (12% Si), 95 


Aluminum alloys, castings, die or 
iron-mold : 

No. 81 (8% Cu), 95 
No. 122 (10% Cu), 94 
wrought: 

2S (99.0% Al), 25, 92 
3S (1.2% Mn), 92 
4S (l.% Mn 1% Mg), 92 
17S (Duralumin) 76, 82, 93 
24S (Superduralumin), 83, 93 
25S (forgings), 93 
51S (forgings), 93 
Alclacl, 83 

Aluminum-base phase diagrams, 72, 

74 ^ 

Aluminum bronze, 107 
Aluminum-copper phase diagram, 73 
Amorphous solid, 28 
Anneal, full, steel, 113, 138 
homogenizing, 51, 55, 58 
process, steel, 113, 138 
solution (age-hardening), 76 
spheroidizing, 138 
stress relief, 35, 40, 138, 171 
subcritical, steel, 138, 166 
Annealing, defined, 34, 113 
effect on properties, 40, 120 
mechanics of, 34 
twins, 38 

Atom size, factor in solid solutions, 
63, 74 

Austempering, 163 
Austenite, defined, 112 
grain size, 118, 126, 133, 154, 156, 
180 

homogenizing, 130, 139 
isothermal transformation of, 140 
residual, 147, 174 
stainless steels, 160 
transformation, effect of composi- 
tion, 148 
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Austenite, transformation, grain 
size, 148 

homogeneity, 148 
temperature, 142 
underco<51ing, 140 
Austenitizing, 138 

B 

Babbitt, bearing metal, 67, 71 
Bainite, 143, 163 
Banded structure, in steels, 129 
Barrett, Geisler and Mehl, age- 
hardening, 77n. 

Basic open-hearth steel, 124 
Bearing metals, specifications, 70 
Bearings, oilless, 70 
Bessemer steel, 124 
Beta brass, 97, 101 
Beta network, in alpha brass, 105 
Boegehold, effect of oxygen on 
graphitization, 193?i, 

Boundary migration (grain growth), 
37 

Boyles, effect of hydrogen on cast 
iron, 193 
Brale indentor, 8 
Brass, addition of lead, 106 
Admiralty, 108 
cartridge (70-30), 29, 42, 107 
for cold-drawing, 107 
for hot-forgings, 107 
hot-working of, 106 
mechanical properties, variations 
with cold-rolling, 33 
with heat treatment, 42 
Naval, 107 

90-10, cold-rolled, directional 
properties of, 34 
phase diagram, 98 
red (low), 107 
same, after annealing, 43 
60-40, precipitation hardening, 106 
free-machining grade, 106 , 
62.5-37.5, diffusionless transfor- 
mation, 100 

65-35, low-temperature annealing 
of, 106 


Brine, quenching-solution effects, 
170 

Brinell hardness test, 8 
Broniewski and Kulesza, strength of 
Cu-Ni alloys, 56n. 

Bronze, commercial [see Brass, 
(90-10)] 

Bronzes, 97'-107 

Burghoff and Bohlen, directional 
properties of brass, 44n. 
Burning of an alloy, 82, 86, 87, 100, 
182 

C 

Calcium, in lead, 70 
Cahbration of thermocouples, 2 
Carbides in steel, alloy (Fe,W,Mo, 
Cr,V)6C in high-speed steel, 
172, 173 

chromium, 139, 161, 167 
columbium, 161 

effect on austenite grain growth, 
133, 172, 180 
granular or globular, 153 
hooked structure, 183 
lamellar (see Pearlite) 
molybdenum, 139, 167 
precipitation 

during austenite transforma- 
tion, 156 

in stainless steel, 153, 161 
during welding, 161 
titanium, 161, 167 
tungsten, 139, 167, 189, 209, 211 
vanadium, 139, -167 

(See alsoj Martensite, tem- 
pering of) 

Carbide dispersion, effect on proper- 
ties, 161, 163 
Carboloy, 189 

Carbon diffusion, in austenite (see 
Austenitizing; Carburizing) 
Carbon tool steel, properties, 186 
Carburizing, 121, 183 
Cartridge brass (see Brass, cartridge) 
Case-hardening (see Carburizing; 
Nitriding) 
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Cast irons, composition, 191 
damping capacity, 202 
differentiation from steels, 109 
Duriron, 204 

effect of added (dements, 192 
gray, pr<)perti<\s, 202 
heat treatment of, 203 
malleable, properties of, 203 
martensitic, 200 
mottled, 194 
undercooling, 194 
white, hot-rolling of. 111 
Cementite (.see C'arhide) 

Chromel, 60 

Cleavage VvS. deformation, 23 
Cobalt, high-speed steel, 188 
Cohen, tempering of high-speed 
steel, 173n. 

Cold-working, defined, 27 
commercial fine-grained metals, 28 
contact at grain boundaries, 28 
effect on mechanical properties, 
32, 41 

effect on physical properties, 34 
flow, 28 

resolution of stress, 28 
steel, 45 

Columnar crystals (casting), 54 
of ferrite on de<airburized steel, 
185 

Commercially pure metal, 12 
Common high brass {see Brass) 
Conductivity of copper, effect of 
phosphorus, 23 

Cone, induction-hardening, 170n. 
Constitutional diagram {see Phase 
diagram) 

Conversion of hardness, data, 8 
Cooling curves, 50, 65 
Cooling rates, of alloys, general, 215 
of bi’asscs, 100 

effect of transformation of austen- 
ite, 114, 127, 146-147, 152- 
153 

effect on dendritic structure, 51, 
54 

effect on duralumin (corrosion), 91 
effect on eutectic structure, 70, 88 


Cooling rates, of steel, 146, 147 
Copper, OFHC, 20, 23 
Copper-nickel phase diagram, 48 
Copper-zinc phase diagram, 98 
Coring, 54, 78, 80, 82, 86 
Corrosion resistance, of Armco ingot 
iron, 24 

of copper-nickel alloys, 59 
of magnesium, 24 
of solid solutions, 58, 59 
of zinc, intergranular, 24 
Corse, “Bearing Metals,^’ 7 In. 
Cracks, in Alclad, 84 
in copper, 20 
of high-speed steel, 174 
in martensite, 151 
in weld metal, 178 
Creep, 35, 40 

Critical points, steel, 113, 149, 167 
Crystal, appearance in microspeci- 
mens, 15 
cleavage, 23 
columnar, 54 
defined, 13 
equiaxed, 54 
forms, 14 
fragments, 29 
grain boundaries, 13 
grains, 13 
growth, 13, 37 
lattice, 13 
orientation, 13 
primary, 66, 78 
structure, 13 
Crystallites, 13 

Crystallization of a metal {see 
Fatigue failure) 

Cupping, effect of preferred orienta- 
tion on, 43 

Cupro-nickel alloys, 47, 108 
D 

Davenport, isothermal transforma- 
tion, 148n., 164n. 
Decarburization, 130 
high-speed steel, 188 
nitrided steel, 185 
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Deformability (see Plasticity) 
Deformation, lines of, 32 
mechanics of, 27 

^‘Degrowthing” heat treatment, 94 
Dendrites, 49 
Dendritic segregation, 54 
Dental alloys, age-hardening of, 92 
Die castings, aluminum, 95 
zinc, 24 
Diffusion, 122 

in age-hardening, 77 
Alclad, 84 

in austenite, 130, 138, 139, 148 
in cored structures, 49, 55 
effect on case-hardening, 121 
in homogenization, 51, 52, 128 
liquid, 67 

reactions involving, 20, 100, 10. 


Equilibrium diagram {see Phase 
diagram) 

Etchant, 6 

Etching of metallo graphic speci- 
mens, 5 

Etch markings (in cold-worked 
metals), 32 
Eutectic, defined, 65 
horizontal, 64 

iron-iron carbide (see Ledeburite) 
quaternary, 71 
reaction, 65 

rosette structure, 86, 182 
structure, 67 

plasticity related to components, 
70 

ternary, 71 

’ Eutectiferous alloys, properties, 69, 


103, 142 

Directional properties {see Fiber; 
Orientation, preferred) 
of annealed 90-10 Cu-Zn, 34, 43 
Dispersion, mechanical, 73, 89, 125, 
132, 215 

hardening {see Age-hardening) 
Drawing, of steel {see Tempering of 
steels) 

Duralumin, 76, 82, 93 
Duriron, 204 

E 

Ears, on drawn cups, 43 
Elastic limit, 9 

Elastic recovery in hardness tests, 8 
Electrical alloys, Ni-base, 60^ 
Electrical conductivity of solid solu- 
tions, 57 

Electrical contact materials, 211, 212 
Electrolytic polishing, 4 
Ellis and Schumacher, structure of 
magnetic alloy materials, Q2n. 
Elongation, 9 

Embrittlement, burning, 82, 87 
hydrogen in Cu, 20, 23 
phosphorus in steel, 136 
Emmons, tool steels, 186n 
Equiaxed crystals, 54 


87 

Eutectoid, composition of steel, 114, 
134 

effect of Cr, 176 
effect of Mn, 129 

Eutectoid reaction (diffusion type), 
112, 142 

F 

Failure, intergranular {see Stress- 
corrosion cracking) 

Fatigue failures, 84 
design to avoid, 94 
Ferrite, in cast iron, 191 
defined, 112 

grain size of steel, 128, 136 
Fiber, of rolled and annealed metals, 
44 

in steel, 125, 128 
of wrought iron, 17 
Fink and Freche, correlation of A1 
phase diagrams, 75n. 

Firthite, 189 
Flame-hardening, 170 
Flowability {see Plasticity) 

Forging, hot, of steel, 127, 128 
Foundry pig irons, 191 



G 

Gauge nunil)er.s, Brown and Sharpe, 
45 

General iza^tioius, ini(U’OHtruetures, 214 
phase diagrams, 213 
properties, 2 1 5 

Gensainer, cl a/., prop<‘rties of prod- 
ucts of a.ustenitc transforma- 
tion, l()2a. 

Gibbs’s pha,s(^ rul(‘, (14, 75, 213 

Gill, '^Tool Ste(4s,” ISb/o, 190n. 

Gillett, lluss(‘ll a,nd Dayton, “Bear- 
ing Met.als,” 71 '/l 

Grain, })ounda,ries, 13 

<‘oarsening, ('Heet on mechanical 
properti(‘s, 41 
cquiaxed, 54 
growth, -11 

refinement of steels, 120, 127 
size, aaistenitie, 120, 148, ISO, 182 
determination, 38 
factors affecting, 41, 54 
ferrite, 128 

Graphical data on properties: 

Fig. 3, cold-working and annealing 
of « brass, 4 1 

Fig. 7, strengtli properties of 
eutectic systems, 88 

Graphite in east, irons, 191 
nodular (see I'cuuper carbon) 

Gray iron, 191-204- 
damping capacity, 202 
economic a,d vantages, 202 
proi)(a’ti(\s, 202 

Greninger a.n<l d’roiano, crystallo- 
graphy of nuirt.ensite, 1457t. 

Grossma.n, calculation of hardena- 
bility, 109 a. 

Growth of (‘ryst.als, 37 

Gurry, solubility of (airbon in 
ausUmite, llOn. 

II 

Hadlield austeniti<‘. steel, 160 

Ham, Parke and Herzig, transforma- 
tion of high-speed steel, 173n. 


Hanawalt, Nelson and Peloubet, 
corrosion resistance of mag- 
nesium, 24n. 

Hardenability of steel, 148, 168 
Hardening of steel, air-, oil-, and 
water-hardening, 148 
Hardness tests, 7 
Brinell, 8 

effect of elastic recovery, 8 
Rockwell, 8 
scleroscope, 7 
High-speed steel, 171 
Homogenization, Cu-Ni, 55 
Hot shortness, of a brass, 106 
of beryllium, 26 
of copper, 23 
defined, 87 
of gold, 25 
of iron, 25 
Hot-working, 44 

Hume-Rothery, atom-size factor in 
alloys, 7in. 

Hydrogen, in cast irons, 193 
in copper, 23 
in steels, 138 
Hypereutectic, 65 
Hypereutectoid steel, 112 
Hypoeutectic, 65 
Hypoeutectoid steel, 112 

I 

Impurities, in aluminum, 25, 78, 82, 
92 

in beryllium, 26 
in copper, 23 
defined, 12 

in duralumin (Alcoa 17S), 82 
effect on annealing process, 41 
in iron and steel, 24, 109 124, 

191-193 

in magnesium, 24 
in nickel, 25 
in zinc, 24 

Inclusions, in aluminum, 18 
in cupro-nickel, 51 
oxides in iron and steels, 125 
slag, in wrought iron, 17 
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Induction-hardening, 170 
Ingot iron (Armco), 15, 24, 30 
Insoluble constituents, in deforma- 
tion, 18 

Intermetallic compounds, 72 
Internal stresses, 28, 35, 40, 91, 150 
Interstitial solid solution, 47 
Inverse segregation, 55 
Ion, in corrosion of alloys, 59 
in metal lattice, 14 
Iron carbide, 110 
in pearlite, 152 

in tempered martensite, 152, 153 
Iron-iron carbide phase diagram, 110 
Isotropism, 28 

K 

Kanthal alloys, 60 
Keller’s reagent, 80 
Kempf and Van Horn, stress-relief 
determinations, 40 
Kempf, Hopkins and Ivanso, stresses 
in quenched cylinders, 91n. 
Koster alloys, 61 

L 

Lattice parameter, 57 
Lattice models, relationships : 

Fig. 1, close-packed hexagonal, 15 
Fig. 2, face-centered cubic, 15 
Fig. 9, body-centered cubic (face- 
centered tetragonal), 101 
Fig. 12, face-centered cubic (body- 
centered tetragonal), 144 
Lead in brass, 106 
Lead laps, 4 

Lead-antimony, properties, 69, 88 
Lead-antimony alloys, 63 
Lead-antimony phase diagram, 65 
Lead-sheathed cable, 70 
LeChatelier’s principle, 75 
Ledeburite, 192 
Legge, austempering, 163n. 

Lever rule, 49, 99, 115 
Liquidus, 48 


M 

Machinability, of brass, effect of 
lead, 106 

of steel, effect of lead, 122 
sulphite treatment, 25 
heat treatment for, 165, 174 
Macroscopy, 5 
Macrostresses, 35 
Macrostructures, cast, 52 
Magnesium, corrosion resistance, 24 
Magnetic alloys, 61 
Malleable iron, 196 
pearlitic, 203 
properties, 203 
Manganese, in cast iron, 192 
in steel, 25, 130, 133, 136, 148, 167 
Manganin, 60 
Martensite, black, 152 
effect of residual austenite on 
hardness of, 147 
formation, 144 
in high-speed steel, 173 
microstresses and cracks, 151 
tempering of, 152 
'tetragonal, 145, 152 
white, 144, 158 
Martensitic cast iron, 200 
Mechanical twins, 18 
Mehl, austenitizing rates, 139?2. 

Mehl and Wells, carbon content of 
eutectoid, 114 

Merica, precipitation-hardening, 76, 
77 

Metal, commercially pure, 12 
defined, 12 
Metallography, 3 
Metalloid, 12 

Metastable boundaries in phase- 
diagrams, 48, 50, 66, 80, 100, 
114, 140, 160 
Micrographs, 5 

(See also Microstructures) 
Microscopy, 3~7 
Microstresses, 35 

Microstructures, aluminum and its 
aUoys, A1 -f 8% Cu (No. 12), 

79 
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Microstructiires, aluminum and its 
alloys, A1 + 4% Cu (No. 
195), 80 
burnt, 81 
as cast, 79 
heat-treated, 81 
A1 + 5% Cu (pure alloy), 85 
precipitates structures, 85 
Al -j- 13% Si (No. 47), 79 
Alclad (24S4^), 85 
coinineresially pure, 16 
Duralumin (17S) extruded, 81 
Supcrdural (24ST), 81 
Babbitt, hard (Sn,Sl),Cu), 68 
brass, alpha, e^ast, 6 
cold-roll<‘d, 31 
recrystallized, 39 
65-35, a + /i, 102 
60-40, a + 102 

structural <*hauges with tem- 
perature, 102 
carbide tool material, 210 
cast iron, alloyed, 201 
Ni-Hard, 201 
Ni-Resist, 201 
Ni-Tensyl, 201 
gray, chill-ca,st, 199 
high-strength, 201 
ordinary, 199 
malleal)le, 197 
roll iron, 199 
white, 197 
copper, as-cast, 21 
hot-worked, 21 
OFHC (embrittled), 21 
tough pitch, 21 
cupro-nickel (85-15) 
cast in hot mold, 53 
chill-cast, 53 
homogenized, 53 
iron, Armco, 16 
wrought, 16 

lead antimony, 6 to 50 % Sb, 68 
magnesium crystals, 16 
Muntz metal {see Brass, 60:40) 
nickel silver (Cu-Zn-Ni), 53 
powdered-metal alloys, Ag-Ni, 208 
Ag-Mo, 208 
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Microstructures, powdered-metal 
alloys, Carbide-Co, 210 
steel, 210 

steel, annealed (0.8 to 1.3% C), 
117 

austenitic (18 Cr-8 Ni), 160 
embrittled, 161 
carburized and hardened, 183 
casting, defective, 130 
heat treated, 130 
high-speed, burnt, 181 
carbide envelopes, 181, 183 
hardened, 181 
hardened and drawn, 181 
overhardened, 181 
machinability, pearlitic S.A.E. 
3140, 177 

spheroidized S.A.E. 3140, 177 
martensite, 159 

nitrided, age-hardening type, 
183 

on decarburized surface, 183 
normalized hypoeutectoid-cai- 
bon grades, 117 

razor-blade grade, isothermal- 
transformation series, 155, 157 
S.A.E. 1070-tempering-of-mar^ 
tensite series, 159 
S.A.E. 3140 (defective weld), 
179 

S.A.E. 4335, hardened structure, 

- 177 

S.A.E. 52100 overhardened and 
properly hardened, 177 
sorbite, 159 
spheroidite, 159 
stainless, 18-8, 155 
stainless, 21-12, welded, 179 
structural grades: 

low alloy, high strength, 130 
low carbon, 130 
Mn-V, 130 
rail steel, 130 
Mishima alloys, 61 
Modulus of elasticity, 10 
Molybdenum, in alloy steels, in high- 
speed steel, 171, 188 
Monotectics, 205 
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Mottled cast iron, 192 
Muntz metal (see Brass, 60-40) 

N 

Naval brass, 107 

N.E. (National Emergency) steels, 
120, 185 

Nead, properties of carbon steels, 
120n. 

Nichrome, 60 
Nickel silver, 53 
Ni-Hard cast iron, 200 
Ni-Resist cast iron, 200 
Ni-Tensyl cast iron, 200 
Nital etch, 115n. 

Nitriding, 183 

Nix and Shockley, ordered solid 
solutions, 59n. 

Nodular graphite, 196 
Nonequilibrium (see Metastable) 
Normal segregation, 54 
Normalizing, 113, 119 
Notches, localized surface, 216 
Nuclei, precipitation, 86, 214 
preferred, 156, 168, 195, 207 
recrystallization, 36 
solidification, 54, 198, 215 
transformation, 126, 168, 214 

0 

on-hardening steel, 148 
Oilless bearings, 70 
Ordered solid solution, 58, 98 
Orientation of crystals, 13 
preferred, 34, 43 
Overaged alloys, 77,89 
Owen and Pickup, parameter data 
for Cu-Ni alloys, 56n. 

Oxide coating of aluminum alloys, 95 
Oxides, in copper, 23 
in steel, 125 


Palmer and Smitli, directional prop- 
erties of brass. 44n 


Particle size, general effect, in age- 
hardened alloys, 77, 89 
in eutectics, 67, 88 
in tempered martensite, 152 
Pearlite, in cast iron, 202 
composition, effect of metastabil- 
ity, 114 

formation of (see Austenite, trans- 
formation) 
spheroidization, 166 
Pearlitic malleable iron, 203 
Peritectic reaction, 99 
Permalloy, 61 
Perminvars, 61 
Phase, stable, 77 
transition, 77, 113, 215 
Phase diagram, XI, 47, 213 
aluminum-copper (Fig. 6), 73 
aluminum-base alloys, 74 
copper-nickel (Fig. 4), 48 
copper-zinc (Fig. 8), 98 
determination of diagrams, eutec- 
tics, 65 
liquidus, 48 
solidus, 50 
solvus, 64 

iron-iron carbide (Fig. 10), 110 
designation of lines, 113 
lead-antimony (Fig. 5), 65 
line designations, 48, 63, 65 
liquidus and solidus, 48 
solvus, 63, 64, 75 
silver-nickel (Fig. 13), 206 
Phosphorus, in cast iron, 193 
in copper, 23 

in steel, 124, 130, 131, 136 
Picral etch, 116n. 

Plasticity, 22, 27 
Polishing, metallographic, 3 
Powdered-metal alloys, 206, 209 
Precipitation from solid solution 
(see Age-hardening) 

Preferred orientation, 34, 42 
Primary crystals, 66, 78 
Properties of metals, general, 12 
Property changes (see Graphical 
data on properties) 
annealing, 40 
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Property changes, cold-working, 32 
effect of solute concentration, 55, 
56, 57 

homogenizing, 58 
of steels, suiunijiry of relations to 
structviiM^s, 1 63 

variation wit.li t(miporaturc, 22 
Proportional limit, 9 
Pyromctry, 1 

(i 

Quenching, interrupted, 174 
Quenching rates and baths, 169 
Quenching stresses, in ahimiruim 
alloys, 91 
in steels, 149, 174 

R 

Ramsey and Grapeu*, sulphite treat- 
ment of stec'l, 25 
Recalescence, 146, 149 
Recovery range, 40, 97 
Recrystallization, 36 
range, 36, 40 

temperatures, factors affecting, 41 
Reduction in area, 10 
Residual strc'.ssi^s, 28 
Resistivity, electrical, of age-hard- 
ening alloys, 64 
of solid solutions, 57 
Rhines a,nd Amh'rson, embrittle- 
ment of copper, 20w. 

Ro(;kwcll luirdness test, 8 
Rosette eut(^ctic stru(;ture, 86,' 182 

S 

8 (uirve of austenite transformation 
(Fig. 11), 141, 172 
effect of alloying (dements, 148, 
168 

relation to cooling medium, 146 
Sachs and Van Horn, hot-shortness, 
87 

precipitation-hardening, 96n. 
strciss measurements, 151w. 


Scalping of ingots, 20 
Scleroscope hardness test, 7 
Season-cracking, 35 
Secondary hardness, high-speed steel, 
173 

Segregation, in austenite {see Banded 
structure) 

dendritic, inverse and normal, 54 
Semihigh-speed steel, 187 
Semisteel, 111, 203 
Shear cracks, 84 
Shrinkage cavities, 52 
Silicon, in cast iron, 191 
Silicon bronze, 107 
Silumin, Al-Si alloy, 94 
Skelp, 125 

Slip process, in crystals, 27, 28, 30 
Smith and Mehl, bainite structure, 

Snyder’s reagent, 180 
Solid solution, complete, interstitial 
substitutional, 47 
ordered, 58 

Solidification (see Crystal, growth) 
Solidus line, 48, 50 
Solidus, metastable, 48, 50, 61, 66, 
80, 114 
Solute, 47 

concentration, effect on properties 
of solid-solution alloys, 55-57 
Solution anneal (solution heat treat- 
ment), 80 
Solvent, 47 
Solvus line, 63 

determination of, 64 
Sorbite, 146, 152, 160 
Spalling, from nitriding on decarbur- 
ized surface, 185 
from residual stresses, 150 
Spheroidite, 152, 160 
Split transformation, 147 
Stabilization of structure, 215 
Stainless steel, 153, 160 
18-8 (Nos. 304, 321, 347), 161 
intergranular corrosion, 161 
Steadite, 196, 198 
Steel, acid Bessemer, 124 
air-hardening, 148, 187 
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Steel, alloy, defined, 132 

alloy castings, specifications, 134: 
alloying elements (see Alloying 
elements, in steel) 
banded structure, 130 
basic electric, 124 
basic open-hearth, 124 
carbide precipitation in 18-8 stain- 
less, 153, 161 

carbon tool, properties, 186 
cobalt high-speed, 188 
cold-working, 45 
deep drawing, age-hardening, 92 
dies, 187 

hardening of (see Austenite, trans- 
formation) 

Hadfield austenitic, 160 
heat treatments of, 138, 165 
high-speed, 171, 180, 188 
highly alloyed, 187 
intermediate-alloy, 187 
low-aUoy, 133, 136, 186 
machinability, 165, 166 
manganese, 133, 160 
mechanical properties, annealed, 
120 

hot-rolled, 120 
oil 'hardening, 148, 187 
oxidation-resistant, 178 
quenching stresses (see Austenite, 
transformation) 
residual elements, 109, 124 
secondary hardness, 173 
semihigh-speed, 187 
silicon, 61, 133 

structure vs. properties, 161, 163 
Steinman, structural steels for 
bridges, ISSn. 

Stellite, 60, 189 

Straightening, of quenched high- 
speed steel, 174 
Strain, 9 

Strain hardening, 27, 32 
Strain markings, 32 
Stress, 9 

residual, or internal, 28, 35, 40, 91, 
150 


Stress-corrosion cracking, 35, 151 
Stress-relief anneal, 35, 40 
Structural steels, 128, 130, 133, 134 
Substitutional solid solution, 47 
Sulphur, in cast iron, 193 
in steel, 25, 122, 124, 183 
Supercooling, effect on particle size, 
70, 194 

on phase diagram (see Metasta- 
ble) 

Superlattice (see Solid solution, 

ordered) 

Superstructure (see Solid solution, 

ordered) 

Surface flow, during polishing, 3 
T 

Tabular data on mechanical prop- 
erties : 

I. Hypothetical stress-strain 
data, 11 

II. Effect of cold-work for cop- 
per, brass, etc., 33 

III. Directional property effects 
in cold-worked state, 34 

IV. Effect of annealing of cold- 
worked copper and brass, 42 

V. Directional properties of an- 
nealed 90:10 brass, 43 

VI. Effect of solute concentra- 
tion in Cu-Ni and Cu-Zn 
alloys, 56 

VII. Atomic size factor for 
aluminum solid solutions, 74 

VIII. Hardness changes on 
aging of Al-5 per cent Cu 
alloy, 90 

IX. Properties of heat treated 
a-i3 brasses, 106 

X. Effect of carbon content for 
annealed steels, 120 

XI. Properties of austenitic 
transformation structures, 
162 

Hardness of high-speed steels 
173 
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Temper, of ])rass mill products, 
designation of, 45 

Temper carbon, in malleable iron, 
196 

Tempering of steel, 151 
high-speed, 173 
rcnsile tests, 9 

properties (.s'ce Grapliical data on 
properties) 

Terminal solid solutions (alpha 
phases), 47 
Ternary alloys, 67 
Texture {see Fiber; Orientation, 
pref(irred) 

Thermal diffusion treatment {see 
Homogenization) 

Thermo (iou pie, 1 

Theta {B) phase (CuAla in Al-Cu 
alloys), 72, 73 
Tin sweat, 55 

Torsion test, of tool steels, 186 
Transition phase, 77, 113, 215 
Troowtitc, '‘primary” (fine pearlite), 
143, 146, 155 

from tempered martensite, 152, 
159 

Twins, annealing, 38 
mechanical, 18 

U 

Undercooling, 114, 142, 194, 215 


V 

Vegard’s law, 57 
Vickers hardness test, 10 
Vilella, “ Metallographic Tech 
nique,” 11 

W 

Welding, 171, 176, 178 
White cast iron, 194 
Widmanstatten structure, 86, 103., 
Ill, 214 

Woldman, machinability of steels, 
166n. 

Wood’s metal, 71 
Wormy steel structure, 166 

X 

X rays, parameter measurements, di- 
stress measurements, 150 

Y 

Yield point, 9 
Yield strength, 9 
Young^s modulus, 10 

Z 

Zinc, 24 




